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ABSTRACT 
This thesis focused on the fabrication and characterisation of an adaptable plasmonic platform 
consisting of a regular array of vertically aligned gold nanorods, supported on a gold substrate. 
The research aimed to understand the optical properties of the array, with particular emphasis 
on determining the coupling effects between the plasmonic nanorods. Characterisation was 
performed, both in the near and far-field, by means of optical spectroscopy, finite element 
modelling (FEM) and electron energy loss spectroscopy (EELS). The work subsequently 
aimed to use the knowledge gained from characterisation to optimise the absorption of visible 
light and enhancement of the electric-fields surrounding the plasmonic nanoparticles by 
controlling the geometrical factors of the array. Lastly, the nanorod arrays were then utilised 
for photocatalytic applications following their coating in a semiconductor material. 
 
During this research, gold nanorod arrays were successfully fabricated by means of 
electrodeposition in anodic aluminium oxide (AAO) membranes, with accurate control over 
the geometrical factors. UV-Vis measurements revealed that coupling within the array resulted 
in the higher wavelength longitudinal mode of the nanorods blue-shifting considerably to 
occur within the visible spectrum. For short aspect ratio (AR) nanorods, this mode overlapped 
with that of the transverse mode, however for longer ARs the mode could be tuned throughout 
the visible spectrum. This was in agreement with FEM results, however, it was additionally 
revealed that strongly coupled nanorod arrays undergo a redistribution in their electric field 
from localisation at the end of the nanorods, to one within the middle or base of the nanorods 
for unsupported and supported arrays respectively. It was further found that the presence of 
the substrate led to the nanorods coupling with their substrate image leading to greatly red-
shifted resonances. Through experimental EELS measurements it was confirmed that this red-
shift is due to coupling with the substrate, in addition to further analysing the particle coupling 
effects for both dimers, and larger arrays of nanorods. It was found that for dimers with strong 
coupling the longitudinal mode splits into both a bright mode with symmetrically aligned 
dipoles, and a dark mode with anti-symmetrically aligned dipoles, thereby agreeing with 
plasmon hybridisation theory. Furthermore, as the number of particles within the array 
increases, the modes split to form hybridised bright and dark modes consisting of elements of 
each. An initial attempt at photocatalysis was also performed based on the degradation of 
methylene blue by injection of hot-electrons into TiO2. No significant increase in activity was 
found, attributed to the semiconductor layer completely covering the nanorods thereby not 
allowing available sites for the oxidation reaction to replenish lost electrons in the metal.
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1 INTRODUCTION 
1.1 The Nanoscale World 
The last century has seen huge technological advancements alongside ground-breaking 
scientific discoveries. We’ve been to the moon, created computers, and even developed 
technologies to replace damaged organs. A critical step in many of these advancements has 
been due to material research and our ability to understand, utilise, and control their 
properties. It is therefore undoubtable that our progression in the future will also depend on 
materials research and the unique new materials, properties and functions that arise. 
 
At the heart of materials research is nanotechnology. This field was pioneered by the ideas of 
physicist Richard Feynman who proposed that atoms could be arranged in a bottom-up 
approach so as to build useful structures (1). In general this remains the main role of 
nanotechnology, namely to control the nanoscale properties and effects so as govern the bulk 
material. By definition nanotechnology refers to “The branch of technology that deals with 
dimensions and tolerances of less than 100 nanometres, especially the manipulation of 
individual atoms and molecules” (2).  
 
These nanoscale effects referred to can be both incredibly unique and beneficial. At the length 
scales involved, forces do not act the same as we are used to in macroscopic environments. 
For example, gravity is a function of mass and therefore its effect on nanoscale objects is 
often negligible. On the other hand, electrostatic forces such as van der Waals interactions, 
which are strongly reliant on distance, are crucial at the nanoscale (3).  
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Another major difference at the nanoscale is that the surface to volume ratio increases 
dramatically, meaning that forces such as surface energy become increasingly important. For 
example, nanoparticles in a solution have a large surface to volume ratio and therefore have 
a high surface energy. To minimise this energy, the nanoparticles will readily join with each 
other to form agglomerates, a process that is generally undesirable and must be overcome by 
a variety of means. The increase in surface to volume ratio can also mean that the chemical 
reactivity of the species increases. This is due to the atoms at the surface differing from those 
in the bulk owing to the reduced number of nearest neighbour atoms. This results in free 
valence electrons that can contribute to bonding and therefore provide a higher chemical 
reactivity (4). Gold for instance is considered inert as a bulk material, however when in 
nanoparticle form it can show excellent catalytic activity, for instance in the oxidation of CO 
(5). Care must be taken however with certain species that the increased reactivity and higher 
surface area does not mean undesired reactions occur, such as the formation of a stable oxide 
layer on metallic nanoparticles. This unreactive oxide layer would be more prominent in 
nanomaterials as there is more surface to react resulting in the potential for the reactivity to 
decrease compared to the bulk (4). 
 
Another important advantage of nanomaterials is the potential ability to adopt different crystal 
structures and geometries when in nanoparticle form. This can be particularly advantageous 
for the development of improved catalysts. As adsorbates can have varying affinities for 
different adsorption sites, control of the nanoparticle structure and geometry, including the 
presence of defect sites, corners, and edges, can lead to improvements in reaction rates, 
selectivity, and stability (6, 7). 
 
The optical properties of materials are also greatly affected when the size is reduced down to 
the nanoscale. Gold nanoparticles are a classical example. The characteristic shiny yellow 
colour seen in bulk gold is lost, and instead they can appear as a variety of different colours 
depending on its size. For example, for small gold nanoparticles around 30nm in size, the gold 
absorbs the blue and green portions of the light and reflects the red thereby appearing red in 
colour. In contrast, for larger sized gold nanoparticles around 100nm in size, the absorption 
of light occurs within the red region of the spectra resulting in a blue or purple colour (8). The 
reasoning behind this change in colour is due to a nanoscale optical phenomenon termed 
surface plasmon resonance (SPR). This occurs when nanoparticles have dimensions small in 
comparison to the wavelength of incident light. The oscillating electric field of the light causes 
the conduction electrons in the nanoparticle to collectively oscillate around the surface of the 
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nanoparticle. This excitation of a surface plasmon resonance leads to the absorption of the 
light at a resonant wavelength that for gold is in the visible region.  Other factors such as the 
size, shape and environment of the nanoparticle can also alter this resonant frequency 
however, which is why a variation in colour is seen for the different sized gold colloids as 
seen in Figure 1.1. 
 
 
Figure 1.1: Change in colour of gold nanoparticles in solution due to variation in size (8). 
 
This fascinating nanoscale phenomenon will be the main focus of this work due to the 
advantages it provides for a wide range of applications. A more detailed explanation of surface 
plasmon resonances is given in Chapter 2, whereas here I provide a historical overview and 
an indication of their application areas. 
1.2 The Rise of Plasmonics 
The use of plasmonics and the interesting optical properties that they possess dates back to at 
least Roman times (4th Century AD), where colloidal gold and silver nanoparticles were built 
into the Lycurgus Cup as seen in Figure 1.2. When ambient light is reflected off the glass, the 
excited plasmonic particles scatter the green light resulting in an opaque green colour. On the 
other hand, when light is transmitted through the glass the plasmonic nanoparticles absorb the 
short wavelengths resulting in the observed bright red colour (9). 
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Figure 1.2: Lycurgus Cup showing change in colour due to plasmonic particles (10). 
 
Although the Romans were able to take advantage of nanotechnology and the interesting 
optical properties plasmonics offers, it is doubtful they truly understood why the colour 
change occurred, or even that gold was critical in its formation (11). This property was in fact 
only discovered in the 1850’s by Michael Faraday’s experiments with chemically produced 
gold leaf colloids (12).  This work was later built upon by Mie in 1908 who managed to 
theoretically describe the absorption and scattering of light by spherical metallic particles 
including gold (13). This revolutionary work later became known as Mie theory and can be 
read about in more detail in Chapter 2. 
 
While Mie theory could successfully describe the optical properties of isolated spherical 
particles, further unexplained observations of SPR effects were seen throughout the start of 
the 20th century. In fact it took until 1968 for the explanation of surface plasmons to arise 
when Otto successfully shone polarised light through a prism onto a thin metal film, and over 
certain resonance angles, witnessed a dip in reflected light intensity attributed to the formation 
of surface plasmons (14). Unlike the surface plasmons present on individual nanoparticles 
termed localised surface plasmon resonances (LSPR), these plasmons propagate over a flat 
metal – dielectric interface and are referred to as surface plasmon polaritons (SPP).  
 
Both these types of surface plasmon resonances have received much attention since their 
discovery, particularly since the late 1980’s when technology advancements allowed better 
characterisation of nanoparticles along with improved control of their fabrication. Since then 
the subject has gone from strength to strength as new and interesting optical behaviours and 
applications have been identified. This can be seen in the dramatic rise of number of 
publications associated with the term ‘surface plasmon’ as shown in Figure 1.3. 
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Figure 1.3: Number of publications with ‘surface plasmon’ in the article title, abstract or 
keywords (data obtained from scopus.com). 
1.3 Applications of Plasmonics 
The single largest use of plasmonics since their discovery has been in the development of 
analytical techniques such as Raman Spectroscopy. This is a process where a sample is excited 
by a monochromatic laser. Typically the light undergoes elastic Rayleigh scattering whereby 
the wavelength of the light remains constant. Occasionally however, the light will scatter 
inelastically (Raman scattering) as it induces atomic vibrations, with a resulting change in 
wavelength. This change can be detected and used to identify the molecules and structure of 
the substance. Unfortunately, the signal intensity received by Raman scattering is often a 
factor of 10-6 weaker relative to the elastic scattering, and therefore difficult to detect.  
Plasmonics has assisted this technique by providing a metallic nanoparticle surface on which 
the molecules are adsorbed. The SPR effect upon this metallic surface gives rise to an 
enhanced electric field which in turn drastically increases the amount of inelastically scattered 
light and therefore the Raman signal.  This technique is referred to as Surface Enhanced 
Raman Spectroscopy (SERS) and can give enhancement factors as high as ~1010 meaning 
detection of single molecules is possible (15, 16). Similarly, plasmonic nanoparticles can also be 
used for the detection of biomolecules binding to a plasmonic surface based upon their large 
sensitivity to the dielectric properties of the environment. The specifics of this sensitivity will 
be discussed in detail with Chapter 2, however it may be noted here that the sensing of single 
molecules is increasingly becoming a reality (17). Indeed, plasmonic sensing is already an area 
commercialised by companies such as Biacore (GE Healthcare) (18). 
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In addition, much interest is currently being directed towards the use of plasmonics for 
medical procedures. This arises from the ability of plasmonic nanoparticles to generate large 
amounts of heat in a very concentrated area due to their thermo-electrical properties. It is 
hypothesised this thermal energy, produced by exciting LSPR modes of injected 
nanoparticles, may be harnessed to irreversibly destroy cancerous cells, if the nanoparticle 
can be successfully localised at a cancerous tumour. This has the advantage of targeting just 
the surrounding cancerous cells, unlike chemotherapy, and would not require surgical 
methods. So far a number of studies in this area have shown promising results such as Hirsch 
et. al (19) who experimented both in vitro and in vivo with gold / silica nanoshells. On 
illumination with infra-red radiation, temperature increase of 37.4 ± 6.6°C was achieved 
thereby causing irreversible tissue damage within the tumour.  
 
Another discipline that aims to utilise plasmonics is the electronics industry. Currently there 
is a great demand to find a mechanism capable of transferring data around a computer chip in 
much larger quantities than current wiring can provide. Fibre optic cables offer one solution 
however their size is limited by the diffraction limit, making the dimensions required too large 
for modern computer chips (20). By instead putting a thin dielectric material between two metal 
plates and exciting an SPP along the interface, the wavelength may be shrunk by a factor of 
10 whilst keeping the frequency the same. This technology is referred to as plasmon slot 
waveguides and shows massive potential for integration into modern circuits.  
 
Plasmonic effects also show potential in enabling semiconductors to utilise visible light. This 
is desirable due to the restraint that semiconductors need a photon with energy equal or higher 
than its bandgap to generate electron-hole pairs, and that in general most semiconductors have 
relatively large bandgaps located within the UV region. Unfortunately, these wavelength have 
a particularly low irradiance on the earth’s surface due to adsorption by the atmosphere and 
ozone layer. In contrast, visible light is far more abundant on the earth’s surface and therefore 
if semiconductors could utilise this region potentially large increases in efficiency could be 
obtained for various applications. Typically this is achieved by coating the plasmonic 
nanoparticles in a semiconductor. The plasmonic resonance of the nanoparticles then allows 
absorption of the light at a controllable wavelength based upon its properties, followed by 
subsequent transfer of this energy into the semiconductor (21). Additionally, the presence of 
metallic nanoparticles and the strong electric fields surrounding them also play a role by 
increasing charge separation and electron hole production (21, 22). The specifics of these 
interactions are complex and discussed in more detail in Chapter 7. 
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These processes have a great deal of promise for a number of semiconductor related 
applications including photovoltaic thin film solar cells whereby increasing light absorption 
is essential. Here, plasmonic nanoparticles are typically used to extend the path lengths in the 
semiconductor due to their high scattering, in addition to the advantages described above (23).  
 
Plasmonic nanoparticles unique properties are also being harnessed in photocatalytic 
applications. This is where light is used to drive chemical reactions, which with the presence 
of a catalyst is done at enhanced rates. In this sense, the semiconductor and plasmonic 
nanoparticles would be the catalyst which absorb the light and create electron hole pairs that 
participate in the reaction. This has many uses but is particular popular in applications relating 
to the degradation of pollutants or the generation of hydrogen by water splitting (22). 
1.4 Overview of the Research 
An overview of the work in this thesis is given below. An introduction to the problem will 
first be described, before highlighting the aims and objectives I hoped to achieve. Lastly, an 
overall outline of the thesis and its layout will be given. 
1.4.1 The Challenge 
Since the industrial revolution, the growth of civilisation has predominantly been fuelled by 
the use of carbon intensive energy sources such as coal and oil. These fossil fuels inevitably 
lead to the emission of carbon dioxide and as such have caused global CO2 concentrations to 
dramatically increase. These higher concentrations have in turn raised the global temperature 
at unprecedented levels, the consequences of which could be devastating for the planet (24). 
 
To combat global warming, a switch to a low carbon society is essential. Based upon our 
current progress however we are set to fall short of the levels needed to limit this temperature 
increase to 2°C and thereby avoid the most devastating effects (25, 26). In order to halt this trend, 
improvements need to be made in the uptake of low carbon technologies, something best 
achieved by making them competitive with the traditional methods. 
 
Plasmonics is one of the many routes explored that hopes to do this by using its unique 
advantages, particularly in both photovoltaic and photocatalytic applications. Unfortunately, 
plasmonic research into these areas is still in its relative infancy, with lots more work required 
to fully understand the processes involved. For instance, it is known that the size and shape 
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of nanoparticles is critical to its plasmonic response, however aside from the basic geometries, 
which may be described by theoretical methods, more needs to be understood about complex 
geometries and arrangements. This is particularly difficult for a number of reasons. Firstly, 
typical synthesis routes of plasmonic nanoparticles have relied on wet chemical methods. 
Although this often allows nanoparticles to be grown with good control over the size and 
shape, the separation between the nanoparticles is almost impossible to control, a condition 
which can be incredibly important with regards to plasmonic coupling. Similarly, 
nanoparticles are often immobilised on substrates for their application. This can drastically 
alter the local environment of the nanoparticle and lead to changes in its plasmonic resonance, 
a factor that is often neglected. These difficulties have led to numerous authors concluding 
that better control of the size, shape and separation distances of the nanoparticles is required 
in the synthesis methods so as to better optimise photocatalytic reactions (21, 22, 27, 28).  
 
In addition, the characterisation of the nanoparticles can be equally as challenging due to their 
scale and the high number of variables the plasmonic properties depend on. This is also made 
more complicated by them showing both strong near and far-field effects, often which can be 
different (29). Far-field effects have typically been explored by techniques such as UV-Vis 
spectroscopy and dark field microscopy, allowing information on the particles absorption and 
scattering properties to be determined relatively easy. On the other hand, the near field 
properties, being those less than a wavelength away from the particle, are often more difficult 
to probe, yet just as crucial due to the spatial dependence of the surface plasmons. This is 
particularly the case for photocatalytic applications when the near field electric field 
enhancements are required to effectively combine with semiconductor layers. Fortunately, 
both scanning near-field optical microscopy (SNOM) and electron energy loss spectroscopy 
(EELS) are capable of analysing these properties. EELS in particular is a promising method 
to explore the near field due to the rich information it gives, however excellent energy and 
spatial resolutions are often needed, requiring state of the art aberration corrected microscopes 
with monochromated electron sources. 
 
Modelling is also playing an increasing role in understanding plasmonic nanoparticles 
properties in both the near and far-field. Its popularity is due to the ability to obtain rich 
information relatively easy, thereby probing the fundamental physics and supporting 
experimental work. For example, information on the absorption and scattering cross sections 
from nanoparticles may be calculated, in addition to simultaneously being able to describe the 
electric fields immediately surrounding the particles. Unfortunately, modelling can be 
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particularly susceptible to errors and therefore care must be taken that the results obtained are 
indeed accurate. Similarly, it is important to understand the validity and limits of simulations 
when dealing with nanoscale objects. For instance, when dealing with particularly small 
nanoparticles less than 10nm in size, quantum and non-local effects may become prominent, 
and therefore would need to be addressed within the model (30). 
1.4.2 Objectives 
Considering the problems outlined above, the aim of this thesis is: 
 
 “To fabricate a regular array of plasmonic nanostructures with accurate control over their 
size, shape and separation. This geometric order will then be utilised to characterise both 
the near and far-field properties of the plasmonic nanoparticles, specifically focusing on 
the absorption of the array and coupling effects. The photocatalytic properties should then 
also be determined by coating the plasmonic nanoparticles with a semiconductor, and 
conducting photocatalytic experiments.” 
 
The above aims can be further broken down in to a number of specific objectives, as follows: 
 
1. To fabricate porous membranes with accurate control over the size, separation 
and arrangement of the pores for use as templates in the growth of plasmonic 
nanostructures.  
2. To fabricate regular arrays of plasmonic nanorods using the above mentioned 
templates, with control over their diameter, aspect ratio, spacing, arrangement 
and the area over which they are grown. 
3. To characterise the absorption and scattering properties of the nanorod arrays 
by UV-Vis spectroscopy, and tune the absorption to the visible region. 
4. To characterise the near-field electric field enhancements and coupling effects 
in nanorod arrays by the use of electron energy loss spectroscopy.   
5. To perform thorough simulations on the properties of plasmonic nanospheres 
and nanorods so as gain a deeper understanding of the fundamental mechanisms 
of operation and to guide the experimental work.  
6. To coat the nanorod array in a homogeneous thin layer of titanium dioxide. 
7. To perform photocatalytic dye degradation experiments using the TiO2 coated 
nanorod arrays, and show activation in the visible region of the spectrum. 
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1.4.3 Thesis Structure 
The structure of this thesis is set out in the following manner. Firstly, a theoretical background 
is given in Chapter 2. This briefly covers the fundamentals behind electromagnetic radiation 
and its interaction with matter, including an explanation of Maxwell’s Equations and Mie 
theory, before then reviewing the theory of localised surface plasmon resonances. A literature 
review of research focussing on plasmonic nanoparticles is then also included, with particular 
emphasis given to noble metal nanorods, and how their resonance wavelength may be 
controlled and optimised. An in-depth review of work focussing on the coupling properties 
of nanoparticles is also incorporated, which for simplicity is split into both particle-substrate 
coupling and particle-particle coupling. This review includes findings from both experimental 
and simulation based work with an aim of helping explain the experimental results that follow. 
 
Chapter 3, outlines the methodology employed for fabrication of the arrays and subsequent 
coating in a semiconductor, with Chapter 4 then beginning their characterisation. The size 
and geometry is first assessed by means of SEM imaging, before characterisation of the far 
field optical properties by UV-Vis spectroscopy. Chapter 5 then aims to complement this 
experimental work and gain a deeper understanding of the results by focussing on the 
modelling of plasmonic nanoparticles and arrays using a finite element model. This increases 
in complexity, starting with the simulation of basic nanospheres to validate the model, before 
moving on to nanorods and the optimisation of their plasmonic properties with regards to 
absorption within the visible spectrum. Finally, an in-depth look at the coupling effects of 
particles within an array and on a substrate is addressed.  
 
The near field properties of the nanoparticles and arrays are then determined in Chapter 6 
using EELS. This EELS analysis of nanorod arrays is believed to be a particularly novel result. 
In addition to this, to support the EELS results I have also developed a FEM simulation of the 
EELS experiment so as to compare and analyse the results it provides. Finally, Chapter 7 
discusses the application of the nanorod arrays for photocatalytic purposes. This initially 
reviews the various plasmonic photocatalytic mechanisms, before then highlighting the 
photocatalytic properties of the arrays from the degradation of an organic dye under visible 
light. I conclude the work with a summary of the findings and prospects for the future. 
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2 THEORETICAL 
BACKGROUND & 
LITERATURE REVIEW 
This chapter aims to give an overview of the field of plasmonics so as to provide an 
understanding of its concepts and an appreciation of current developments.  It will begin by 
outlining the fundamental theories that are vital to its understanding and on which the 
plasmonic concept is based, before moving on to specifically outline the theory behind 
plasmonics in relation to localised surface plasmon resonances (LSPRs). This will also 
include a description of relevant and important work by means of a literature review. 
Emphasis is given to research focused on the optical properties of plasmonic nanorods, 
including factors that determine the resonant frequency and strength, plus the effects of inter-
particle coupling and the presence of substrates.  
 
The work discussed in this chapter will be referred to later on so as better understand my own 
results. In addition however, it is also critiqued so an appreciation of gaps in the knowledge 
and flaws in current research may be identified. For conciseness, the theory and literature 
review on the application of plasmonic nanoparticles for photocatalytic purposes will not be 
discussed here, but is instead included within its relevant section; Chapter 7: Photocatalytic 
Applications.  
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2.1 Electromagnetic Radiation and its Interaction with Matter 
2.1.1 Fundamentals of Electromagnetic Radiation 
Electromagnetic radiation in its simplest term is the propagation of both an electric and 
magnetic field whereby both these fields are perpendicular to the direction of travel and to 
each other. An electromagnetic wave is characterised by the distance between two successive 
identical parts of the wave known as the wavelength (λ). These can range from sub atomic 
sizes on the order of less than 1x10-12 metres for gamma rays, up to kilometres for radio waves. 
The narrow visible region, which accounts for the light able to be detected by our eyes, has 
wavelengths between approximately 400 nm and 800 nm and will be the main part of the 
spectrum focused upon within this work. 
 
A large part of the explanation of electromagnetic waves was first achieved by James Maxwell 
in 1865 within his paper entitled “A Dynamical Theory of the Electromagnetic Field” (31). In 
this historic paper, Maxwell successfully unified already known laws such as Ampere’s Law, 
Faraday’s Law, and Gauss’s Law, into a set of four equations known as Maxwell’s equations. 
These equations are shown in their differential form below where D is the electric 
displacement field, ρv is the charge density, B is the magnetic flux density, E is the electric 
field, H is the magnetic field and J is the electric current density. The operators ∇ ∙ and ∇ × 
refer to the divergence and curl of a vector function respectively. 
 
∇ ∙ 𝐃 =  ρv 
(1) ∇ ∙ 𝐁 = 0 (2) 
∇ × 𝐄 = −
∂𝐁
∂t
 (3) ∇ × 𝐇 =
∂𝐃
∂t
+ 𝐉 (4) 
 
These equations opened up a breadth of understanding of electromagnetic waves including 
their ability to propagate through different media, and the velocity at which they travel. For 
instance, using the relationships for the electric displacement field and magnetic field within 
a medium, defined as: 
 
𝐃 = ε0𝐄 + 𝐏 (5) 
𝐁 = μ0𝐇 + 𝐌 
(6) 
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Here epsilon (ε0) and mu (μ0) represents the constants of electric permittivity and magnetic 
permeability of free space respectively, whereas P and M represent the polarisation and 
magnetisation of the medium. Assuming free space conditions, no charges exist (J, ρv = 0), 
plus P and M may be neglected. This allows equations (1) and (4) to become: 
 
∇ ∙ 𝐄 =  
ρv
ε0
= 0 (7) 
∇ × 𝐁 = μ0ε0
δ𝐄
δt
 
 
(8) 
 
By taking the curl of both sides of (3): 
 
∇ × (∇ × 𝐄) = −
δ(∇ × 𝐁)
δt
 (9) 
 
followed by substitution into (8), gives: 
 
∇ × (∇ × 𝐄) = −μ0ε0
δ2𝐄
δt2
 (10) 
 
Using the vector calculus relationship for the curl of a curl, plus the condition that in free 
space ∇ ∙ 𝐄 = 0, as seen in equation (7), we get to the three-dimensional wave equation: 
 
∇2𝐄 = μ0ε0
δ2𝐄
δt2
 (11) 
 
This can also be written in one dimension with a velocity term in its generalised form of: 
 
δ2f
δx2
=
1
v2
δ2f
δt2
 (12) 
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Whereby f is the scalar wave amplitude and v is the velocity of the wave, which in a vacuum 
is the speed of light (c): 
 
c =
1
√ε0μ0
= 299,792,458 m/s (13) 
 
In medium other than a vacuum, the velocity of the wave is related to the permittivity and 
permeability (ε, μ) of that medium. Comparing these velocities to the speed of light then gives 
rise to the dimensionless quantity of the refractive index (n): 
 
n =
c
v
 (14) 
 
The velocity can further be related to the wavelength (λ) and frequency (ν) of the wave via: 
 
c = λν (15) 
 
Alternatively, the electromagnetic wave can also be viewed using quantum mechanics as a 
packet of energy called a photon. The energy of these photons is quantised based upon the 
equation: 
 
Energy = hν (16) 
 
Where h is Planck’s constant equal to 6.26 × 10-34 m2kg/s. This means that by these 
relationships the electromagnetic spectrum can be based upon either the wavelength, 
frequency, or energy, often measured in units of electron-volts (eV). 
2.1.2 Permittivity 
At the heart of understanding how electromagnetic waves interact with matter is the idea of 
permittivity. This represents how difficult it is to establish an electric field within a medium. 
Generally the permittivity of a dielectric material can be predicted based upon the work of 
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Hendrik Lorentz towards the end of the 19th Century in the Lorentz Classical Oscillator Model 
(32). Here Lorentz described the interaction between atoms and electric fields by relating the 
electron cloud to a mass on a spring. When the atom is polarised by an electric field, it 
becomes equivalent to stretching the spring. When released this sets off an oscillating motion 
of the electron cloud with damping forces acting to decay the oscillation and restoring forces 
according to Hooke’s Law. 
 
This model uses a simple equation of motion for an electron as shown below whereby the first 
term represents the acceleration; the second term is the damping losses, and the third term is 
the restoring force. These are balanced by the driving force of an electric field: 
 
m
∂2r
∂t2
+ mΓ
δr
δt
+ mω0
2r = −q𝐄 (17) 
 
Where m is the mass of an electron, r is the displacement of the electron, Γ is the damping 
rate, ω0 is the natural resonant frequency and q is the charge. Performing a Fourier transform 
and rearranging for the displacement (r) then gives the following, where ω is the angular 
frequency: 
 
𝐫(ω) = −
q
m
𝐄(ω)
ω02 − ω2 − jωΓ
 (18) 
 
The definition of a dipole moment (p) is the charge multiplied by the distance it is displaced, 
i.e. 𝐩(ω) = −q𝐫(ω). This can then be substituted into equation (18) to give: 
 
𝐩(ω) = −
q2
m
𝐄(ω)
ω02 − ω2 − jωΓ
 (19) 
 
Now considering each atom in a material has its own dipole moment, it is useful to instead 
define the polarisation (P) of the material per unit volume. This becomes the summation of 
all the individual dipole moments divided by the volume. A macroscopic viewpoint is taken 
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for this whereby a statistical approach is used to approximate the average polarisation of the 
material, where N is the number of atoms per unit volume. 
 
𝐏(ω) = N𝐩(ω) (20) 
 
Alternatively, we can also define the polarisation using a term called the susceptibility (χ). 
This relates how easily a material will have its electrons displaced under the presence of an 
electric field: 
 
𝐏(ω) = ε0χ𝐄 (21) 
 
Combining equations (20) and (21), followed by substituting in equation (19) then gives us 
the equation for the susceptibility of the dielectric material: 
 
χ(ω) =
ωp
2
ω02 − ω2 − jωΓ
 (22) 
 
Here the term (ωp) is known as the plasma frequency and defines the frequency at which a 
materials plasma naturally oscillates around the heavy nucleus of the atom, determined as 
shown below: 
 
ω𝑝
2 =
Nq2
ε0m
 (23) 
 
As a final step, the relative permittivity (𝜀?̃?) of the material may now be determined due to 
the relationship that it is equal to one plus the materials susceptibility: 
 
ε̃r(ω) = 1 +
ω𝑝
2
ω02 − ω2 − jωΓ
 (24) 
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The relative permittivity is the permittivity of the material compared to that of free space and 
is a complex number having both real (εr’) and imaginary parts (εr’’), where in general the 
imaginary part accounts for loss. In addition, it is clear to see that the relative permittivity 
varies with frequency. To determine the real and imaginary parts of the complex permittivity, 
the following equations may be used: 
 
εr
′ (ω) = 1 + ω𝑝
2
ω0
2 − ω2
(ω02 − ω2)2 + ω2Γ2
 (25) 
εr
′′(ω) = ω𝑝
2
ωΓ
(ω02 − ω2)2 + ω2Γ2
 (26) 
 
Unfortunately for metals, the Lorentz Classical Oscillator Model by itself is not sufficient to 
explain their optical properties and needs to be expanded. This is due to metals not having 
their electrons bound to the heavy nucleus of the atoms, therefore meaning there is no 
restoring force (i.e. ω0 = 0). This instead leads to what is known as the Drude model for metals 
(33), leading to a complex relative permittivity of: 
 
ε̃r(ω) = 1 −
ω𝑝
2
ω2 − jωΓ
 (27) 
 
To improve upon the accuracy of this it is possible to include the frequency dependent 
contributions from interband transitions. This is done by combining the Drude and the Lorentz 
equations, forming the Drude-Lorentz Model as seen below:  
 
ε̃r(ω) = ε̃r(∞) − 
ω𝑝
2
ω2 + jΓω
− ∑
fnω𝑛
2
ω2 − ω𝑛
2 + jΓnω
 (28) 
 
Although materials can have only one plasma frequency, they may have multiple resonances. 
These are each of different strength related to each other by the factor f known as the oscillator 
strength. These resonances can then be summed up to the desired number of resonances you 
want to account for. In addition, the ε(∞) term is brought in to account for the static dielectric 
constant at an infinite frequency thereby representing the resonances above what is summed.  
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The complex permittivity determined above may also be linked to the complex refractive 
index (?̃? = 𝑛 + 𝑖𝑘), where the real part of the refractive index n(ω) controls the dispersion in 
the medium, and the imaginary part k(ω), also known as the extinction coefficient, dictates 
the absorption. They are related via the formulas: 
 
n =  √
√ε′2 + ε′′2 + ε′
2
 
(29) 
k =
ε′′
2n
 (30) 
2.1.3 Absorption, Scattering, and Transmission 
When an electromagnetic wave is impinged on a medium, one of three outcomes are possible. 
The radiation energy is either absorbed by the species, reflected away, or transmitted through 
it. If absorption occurs, the electromagnetic energy is converted to another form, typically 
heat, and the incident light never emerges from the species. In contrast, with transmission of 
the light, the incident radiation passes straight though the material and out the other side. 
Lastly, with reflection the incident wave is re-emitted from the substance. If the reflected 
beam displays the same angle as the incident beam relative to the normal of the surface, it is 
known as specular reflection, whereas if it reflects in all directions it is known as diffuse 
reflection or scattering.  
 
Considering the above, the amount of light that interacts with a particle is equal to the incident 
light minus the light that is transmitted straight through the sample. The amounts of these may 
be found using the Beer Lambert law (34) as shown below: 
 
A =  − log(T) =  − log (
I
I0
) (31) 
 
Where the absorbance (A) is the attenuation of the radiation by both absorption and scattering 
events, T is the transmittance, and I / I0 is the transmitted radiation over the incident radiation. 
The attenuation is also commonly referred to as the extinction of the beam. One useful way 
of representing the probability of extinction is the extinction cross section (σext) with units of 
area. Essentially this takes into account the geometric dependence and material properties of 
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a substance with regard to its probability to scatter or absorb radiation. This extinction cross 
section is made up from the summation of the absorption (σabs) and scattering cross sections 
(σsca) as follows: 
 
σabs + σsca = σext (32) 
 
Interestingly, the optical cross sections above may actually have areas larger than their 
geometric cross section, as is the case with plasmonic nanoparticles. For this reason it is often 
useful to refer to the cross sections instead as efficiencies whereby the optical cross section is 
divided by the geometric cross section: 
 
σabs,   eff =
σabs
σgeom⁄  (33) 
σsca,   eff =
σsca
σgeom⁄  (34) 
σext,   eff =
σext
σgeom⁄  (35) 
2.2 Mie Theory and Nanoscale Optics 
In 1908, Gustav Mie used the knowledge gained from both Maxwell’s equations and Lorentz 
theory to derive the light scattering and absorption from a sphere. This was achieved by 
directly solving Maxwell’s equations to produce spectra for gold nanoparticles, and in doing 
so, predict the size-dependent colour variations seen in gold colloids (59).  
 
When first developed, Mie theory had a number of limitations towards it use. For instance, it 
was only applicable to the scattering and absorption of plane waves by a homogeneous 
isotropic spherical particle in a non-absorbing embedding medium. However, unlike Rayleigh 
scattering theory before it, whereby only small dielectric spherical particles much smaller 
than the wavelength of light were applicable, Mie theory could be applied to particles of any 
size and be composed of absorbing or non-absorbing materials. This gave it great practical 
application from nanoparticles, up to the order of millimetre scales for atmospheric chemistry 
(59, 60). 
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The use of Mie theory and the mathematics behind it requires an in-depth and time consuming 
explanation, and therefore only the basics and the results are discussed here. Additional 
description of the procedure however can be read in several textbooks (59, 61). Mie theory 
operates by calculating the electromagnetic field within the particle and within the medium it 
is embedded in. It stands to reason that to do this the permittivity of the materials is of critical 
importance. The solution requires the incident and scattered field to be expanded for each 
polarisation into spherical harmonic functions. The boundary conditions around the particle 
then need to be accounted for by ensuring the tangential components of the fields are 
continuous and finite at large distances. This is particularly challenging as it results in four 
equations where an infinite sum is present (59). 
 
Although developed in 1908, only recently has the true value of Mie theory been harnessed 
due to the increases in computational power allowing solutions to be calculated relatively 
quickly (35). On the other hand, by making a few assumptions the absorption and scattering 
cross sections based upon Mie theory may be easily calculated. The assumptions made are 
that firstly a quasi-static approach is taken whereby the particle is said to be much smaller 
than the wavelength of light incident upon it, thereby allowing the electric field to be 
considered static. Secondly, we assume the sphere is isotropic and homogeneous, and that the 
medium it is embedded in is also isotropic and non-absorbing. This leads to the following 
equations for the absorption and scattering cross sections: 
 
σabs ≈ σext = 4πkR
3 Im(
εp − εm
εp + 2εm
) (36) 
σ𝐬𝐜𝐚𝐭 = 8πk
4R6 |
εp − εm
εp + 2εm
|
2
 (37) 
 
In the above equations, k is the wave number, R is the sphere radius, and εp and εm refer to 
the permittivity of the particle and medium respectively. It can be seen that the absorption 
scales with R3 whereas the scattering scales with R6. This therefore shows how at small sizes 
the absorption dominates allowing the absorption and extinction cross sections to 
approximated equal, however at larger sizes, the scattering becomes prominent. Although 
these equations are only theoretically true for vanishingly small particles, it has been found 
to provide good approximations for dimensions below that of around 100nm. For dimensions 
above this, a rigorous solution using the full Mie Theory must be used (36). Another important 
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aspect to take from the above equations is how the maximum of both the absorption and 
scattering cross sections occurs as the denominator reaches a minimum. In a vacuum this is 
therefore at a wavelength when the real part of the metals permittivity is equal to negative 
two i.e. εp′ = −2. Alternatively, for particles in other media, this becomes 
εp′
εm
= −2.  
 
One major limitation with the original Mie theory was the inability to alter the geometry of 
the particle from something other than a perfect sphere. In real life situations however, 
particles are generally not perfectly symmetrical and therefore extension of Mie theory was 
necessary. This came in 1912 by Richard Gans (37) whereby the solution was altered to account 
for prolate and oblate spheroids. Since then, further extensions have also been added to 
account for the addition of coated spheres (38), inhomogeneous media such as supporting 
substrates (39), and lastly charged particles (40). Despite this, to determine the absorption and 
scattering from more complicated geometries and environments, modelling by numerical 
methods is often deemed necessary. These techniques will be discussed in more detail in 
Chapter 5. 
 
In addition to Mie Theory, a brief explanation of some nanoscale optical theories, specifically 
focussing on the diffraction limit and the confinement of electromagnetic waves, is now 
discussed. The diffraction limit refers to the principle that an electromagnetic wave cannot be 
localised to a distance less than around half its vacuum wavelength due to diffraction of the 
wave (41). This has consequences for optical microscopy whereby the resolution of the 
microscope is limited to this value. Similarly it also has negative effects for techniques which 
harness electromagnetic waves for carrying information instead of the more traditional 
electron signals (20). This latter application is of particular importance due to us quickly 
approaching the limit for the speed and amount of data which electronic signals may carry (20, 
41). Electromagnetic waves on the other hand are capable of carrying much more information 
with less loss, for instance in fibre optic cables. The diffraction limit however limits the 
miniaturisation of this technology and deters its deployment into integrated circuits.  
 
Fortunately however, new methods are realising ways in which we may beat the diffraction 
limit and localise the light to dimensions much smaller than its wavelength. One such method 
is by using materials with a negative permittivity, as is the case for certain metals such as gold 
and silver in the visible spectrum. At these frequencies the electrons of the metal experience 
a resonance whereby their conduction electrons collectively oscillate and are bound to the 
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surface between the metal and a dielectric, known as a surface plasmon resonance. These 
surface plasmon resonances may be split into two categories; surface plasmon polaritons 
(SPPs), and localised surface plasmon resonances (LSPRs). The former is related to a 
plasmonic resonance that propagates along a metal dielectric interface and therefore is 
particularly interesting for optical waveguides, whereas the latter occurs for nanoparticles that 
are much smaller than the wavelength of the incident light. Only LSPRs are considered within 
this work due to their ability to increase the optical cross sections, and greatly enhance the 
electric field strengths surrounding the nanoparticle, however details of SPPs are addressed 
in the following work (36, 42-44). 
2.3 Localised Surface Plasmon Resonances 
LSPRs may occur when a metal nanoparticle is much smaller than the wavelength of incident 
light. At the resonant frequency, the conduction electrons collectively oscillate around the 
nanoparticle, driven by the incident oscillating electromagnetic field, as seen in Figure 2.1.  
 
 
Figure 2.1: Diagram of a localised surface plasmon resonance (LSPR) of a sphere where the 
conduction electrons couple to the oscillating E-field (45). 
 
Considering the nanoparticles size (D) is considerably less than that of the wavelength of light 
in the surrounding medium (i.e. D << λ) then the quasi-static approximation may be assumed 
whereby the oscillating electromagnetic field is taken as constant over the particle volume 
and therefore the field is considered electrostatic (36). Based on this assumption, a simple 
example will be shown below as outlined by Maier (36). Firstly a homogenous, isotropic sphere 
with radius a, and dielectric function ε(ω) situated in an isotropic, non-absorbing medium 
with dielectric constant εm is assumed. As the sphere dimensions are significantly less than 
the wavelength of incident light, a static electric field E = E0ẑ can be assigned in the z-
direction, as seen in Figure 2.2: 
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Figure 2.2: Schematic of homogenous sphere of radius a, located in a isotropic non-absorbing 
medium and in the presence of an electrostatic field (36). 
 
Due to the problem being an electrostatic one, a solution to the Laplace equation for the 
potential ∇2Φ = 0 needs to be found in order to calculate the electric field 𝐄 =  −∇Φ. As the 
system has azimuthal symmetry, according to Jackson (46), the general solution is: 
 
Φ(𝐫, θ) = ∑[Alr
l + Blr
−(l+1)]Pl(cos θ)
∞
l=0
 (38) 
 
Here the angle θ, as seen in Figure 2.2 is that between the position vector r at point P and the 
z-axis. In addition, Pl (cosθ) are the Legendre Polynomials of order l. Following this, the 
solution of the potentials both inside Фin and outside Фout of the sphere can be expressed as 
seen below due to the fact that the potentials must remain finite at the origin: 
 
Φ𝑖𝑛(𝐫, θ) = ∑𝐴𝑙𝒓
𝑙Pl(cos θ)
∞
l=0
 (39) 
Φ𝑜𝑢𝑡(𝐫, θ) = ∑[Bl𝐫
l + Cl𝐫
−(l+1)]Pl(cosθ)
∞
l=0
 (40) 
 
The deduction of the coefficients Al, Bl and Cl can now be achieved from the boundary 
conditions at the surface of the sphere (r = a) and at r → ∞. Equality of the tangential 
components of the electric field demands that: 
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−
1
a
δΦin
δr
|  =  −
1
a
δΦout
δθr=a
|
r=a
 (41) 
 
whereas the equality of the normal components of the displacement field gives: 
  
−ε0ε
δΦin
δr
|  =r=a − ε0εm
δΦout
δr
|
r=a
 (42) 
 
With the boundary conditions the potentials become: 
 
Φin = −
3εm
ε + 2εm
E0r cos θ (43) 
Φout = −E0r cos θ +
ε − εm
ε + 2εm
E0a
3
cosθ
r2
 (44) 
 
Physically, equation (44) represents the superposition of the applied field E0 and the dipole 
field located at the centre of the sphere. Introducing this dipole moment, p into the above 
gives: 
 
Φout = −E0r cos θ +
𝐩 ⋅ 𝐫
4πε0εmr3
 (45) 
 
where the dipole moment is: 
 
𝐩 = 4πa3ε0εm
ε − εm
ε + 2εm
𝐄0 (46) 
 
These equations signify that by applying an electric field, a dipole moment is induced within 
the sphere with its magnitude proportional to |𝐄0|. If we now replace the dipole moment by 
its polarisability α, defined as the ease at which a material may become polarised and related 
via p = ε0εmαE0, equation (46) becomes: 
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α = 4πa3
ε − εm
ε + 2εm
 (47) 
 
Studying this equation it is clear to see that as the denominator reaches a minimum, the 
polarisability obtains a resonant enhancement. Therefore, for a small or slowly varying 
imaginary permittivity, (ε’’(ω)) this simplifies to instead occur when: 
 
ε′(ω) = −2εm (48) 
 
Known as the Fröhlich condition, this important equation governs at what frequency the 
resonance occurs. For example, assuming the particle has a permittivity described by the 
Drude model (see equation (27)) with negligible damping, the Fröhlich condition is met when: 
 
2εm = −1 +
ω𝑝
2
ω2
 (49) 
 
Which if located within a vacuum is satisfied when: 
 
ω =
ω𝑝
2
√3
 (50) 
 
From these equations it is therefore possible to see how the frequency at which the resonance 
condition occurs is strongly dependant on the surrounding mediums dielectric constant. This 
strong dependence and ability to control the resonance is particularly useful for a number of 
applications and is covered in more detail in the following section.  
 
Additionally, the electric field distribution both in and outside the sphere may be determined 
by: 
 
𝐄𝐢𝐧 =
3εm
ε + 2εm
𝐄0 (51) 
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𝐄𝐨𝐮𝐭 = 𝐄0 +
3𝐧(𝐧 ⋅ 𝐩) − 𝐩
4πε0εm
1
r3
 (52) 
 
where n is the unit vector in direction of point P. As can be seen in these equations, at 
resonance conditions both the internal and external electric fields achieve an enhancement. It 
is this enhancement that also proves particularly useful in plasmonic applications such as in 
the production of charge carriers in adjacent semiconductors, or large field strengths for SERS 
(47). 
 
So far the theory behind surface plasmon resonances has been discussed in terms of solving 
Maxwell’s Equations and using Mie Theory. This approach is generally restricted to simple 
situations, such as for small spheres in a homogeneous medium, however several 
developments to the theory have been performed to approximate for complexities such as 
changes to the shape of the particle or inhomogeneous environments. Despite this, the vast 
majority of the work has been experimentally derived, and therefore requires a literature 
review covering the findings.  
 
As our work focusses on the use of nanorod arrays coated in a semiconductor, there are many 
complex factors involved that influence the resonance wavelength, optical cross sections, and 
field enhancements. This includes the effects of their surrounding medium, including how the 
presence of a semiconductor shell may alter their response. Additionally, their size, material 
and geometry also dictates the plasmonic properties of the particle. Lastly, as the nanorod 
arrays are supported on a substrate and have small separation distances between each rod, the 
effects of both particle-substrate coupling and particle-particle coupling may also be 
prominent. 
 
The following sections will address both adaptions to the theory and review the findings from 
experimental work focussing on the above factors. This will highlight the interesting and 
unique features of plasmonic resonances and show how with careful fabrication, the 
properties may be tuned for use in applications.  
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2.4 Effect of Nanoparticle Environment 
2.4.1 Effect of Homogeneous Medium 
It has been shown in the previous section that the environment in which the particle is situated 
is of critical importance to the wavelength at which the plasmonic resonance occurs, 
commonly referred to as λmax. To recap, in order to sustain a plasmonic resonance whereby 
the electromagnetic waves are confined to the surface, the particle must be a conductive one 
with free conduction electrons that are able to oscillate, plus also have a negative real part of 
its complex dielectric function. In contrast, for the dielectric constant of the surrounding 
medium, its value must be positive as is the case for typical dielectrics such as air or water. 
Although plasmon resonances can occur if both these conditions are met, particular interest 
is focused around noble metals nanoparticles such as Au, Ag and Cu due to their resonances 
typically being present within the visible spectrum. As a reminder, this wavelength 
dependence is reliant on the condition that the real part of the particles dielectric function is 
equal to negative two times the dielectric constant of the medium: 
 
ε′(ω) = −2εm (48) 
 
Considering this, by altering the dielectric environment the particle is surrounded by you may 
tune the peak resonance condition. With an increase in relative permittivity a red shift is 
acquired, whereas oppositely a blue shift is achieved with decreasing relative permittivity of 
the medium. Building upon this theory, the difference in permittivity between the surrounding 
medium and the particle 𝜀𝑝 − 𝜀𝑚, known as the optical contrast, also plays an important role 
not only in defining the resonant wavelength, but also on its magnitude. For instance, as the 
medium’s dielectric constant increases, the resonance is known to red-shift to longer 
wavelengths and the magnitude is drastically increased (48).  
 
This theory was supported with experimental work by Underwood and Mulvaney (49) who 
placed gold colloids in solvents with varying refractive index and measured both a red-shift 
and an increase in magnitude with the higher refractive index solvents. A change in colour of 
the solution from red to purple was seen, as shown in Figure 2.3. In addition, the theoretical 
λmax values matched very well with the experimental ones, with any error attributed mainly to 
the accuracy of the data of the metals permittivity. 
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Figure 2.3: a) Calculated absorption spectra of gold colloids with 8.0 nm radius and changing 
refractive index, b) UV-Vis spectra of gold colloids with refractive index, c) Changing colour of 
gold colloids with increasing refractive index of solvent from left to right. Adapted from ref (49). 
2.4.2 Effect of Dielectric Shell 
In real life conditions, a nanoparticle will often quickly gain a thin layer on its surface from 
either condensation of gaseous products or from natural oxidation. Similarly, nanoparticles 
may often have thin layers, such as that of surfactants or semiconductors, added to stop 
agglomeration or utilise the high absorption and strong electric fields surrounding the particle 
respectively. As the environment has shown to be important with regards to both the resonant 
position and its amplitude, these thin layers must be accounted for.  
 
There are a number of possible core-shell particle arrangements depending not only on the 
material of the core and shell, but also on the number of shell layers and their relative 
thicknesses. Although Mie Theory is able to solve for these many arrangements, here we will 
only discuss with regards to a single dielectric layer on the surface of a metallic nanoparticle, 
as is the focus of this work. 
 
 Consider a geometry whereby a spherical core of radius R and permittivity εc is surrounded 
by a single shell of thickness d and permittivity εsh, which itself is surrounded by a 
homogeneous medium of permittivity εm. It can be shown through an extension of Mie Theory 
that this core-shell nanoparticle, if small compared to the wavelength, has an extinction cross 
section equal to (48): 
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σext(λ, R, d) =
8π2(R + d)3√εm
3λ
Im [
(εsh − εm)(εc − 2εsh) + (
R
R + d)
3
(εc − εsh)(εm − 2εsh)
(εc + 2εsh)(εsh + 2εm) + 2 (
R
R + d)
3
(εc − εsh)(εsh − 2εm)
] (53) 
 
A resonance is achieved when the denominator in equation (53) is zero. It can be seen that for 
a metallic core, εc, with a dielectric shell, εsh, this occurs when (48, 50): 
 
εc = −2εsh
(εsh + 2εm) − (
R
R + d)
3
(εsh − εm)
(εsh + 2εm) + 2 (
R
R + d)
3
(εsh − εm)
 (54) 
 
Applying limiting conditions to the above equation, it can be determined that for the case of 
a vanishingly small shell thickness (d→0), the resonance occurs in the same manner as that 
for a sphere in a homogeneous environment, εc = −2εm. Alternatively, for a large shell 
thickness (d→∞), the resonance occurs when: 
 
εc = −2εsh (55) 
 
This latter limiting case is never fully valid as with a large increase in the shell thickness, the 
particle is no longer small compared to the wavelength and therefore the quasi-static 
approximation on which this equation was derived, no longer holds. Despite this, it can be 
hypothesised that as the thickness of the shell increases, its contribution to the resonance 
position also increases compared with the contribution from the surrounding medium. In 
addition, it is also noteworthy mentioning that unlike for the surrounding medium which has 
to have a real valued permittivity, the shell may instead have a complex valued permittivity 
meaning absorption within the shell is possible. Assuming a core metal whose permittivity 
may be described by the Drude model, as shown in equation (27), the resonance position 
becomes (51): 
 
λ2
λ𝑝
2 = ε∞ +
2(1 − h)εsh(εsh − εm) + 6εshεm
3εsh − 2(1 − h)(εsh − εm)
 (56) 
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Here λp is the plasma wavelength of the metal, ε∞ is high frequency permittivity of gold and 
h represents the volume fraction of the shell, h = 1 − (R R + d⁄ )3. Equation (56) shows that 
if the permittivity of the shell is greater than that of the medium, a red-shift will be found with 
increasing shell thickness. 
 
Calculating the extinction cross section for a silver nanoparticle with a diameter of 50 nm and 
SiO2 shell of varying thicknesses, as seen in Figure 2.4, shows how important the thickness 
of the shell is on the resonance position. In fact, the sensitivity is such that even a 1 nm SiO2 
layer can cause a red-shift in the resonant position. This red-shift continues with increasing 
thickness of the shell, until eventually it matches the resonant position of the silver sphere 
completely embedded in silica. 
 
 
Figure 2.4: Calculated Extinction efficiency of a 50 nm silver sphere with a SiO2 shell varying 
in thickness from 1 nm to 50 nm. The dashed line and the double dotted dashed line represent 
an uncoated sphere and a sphere fully embedded in SiO2 respectively, the latter spectrum has 
been divided by 5.1 for comparison (48). 
 
In addition to the red-shift, a decrease in amplitude of the extinction efficiency is seen as the 
shell thickness increases. Based upon the concept of optical contrast, you would expect the 
SiO2 shell to give an enhancement of the extinction due to a greater difference in the 
permittivity of the shell and core. The added thickness of the shell however, along with the 
fact that it doesn’t contribute to the plasmon resonance, means the geometrical cross section 
is increased relative to the increased extinction cross section, thereby giving a decrease in 
amplitude of its efficiency.   
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The experimental results from Du et. al (52) support the above red-shift with shell thickness as 
seen in Figure 2.5a. By using a sol-gel method they were able to grow controlled shells of 
TiO2 on silver nanoprisms with thickness tuned from 1 to 15 nm. A much greater red-shift 
however is observed compared those seen in Figure 2.4 for similar sized shells. This is 
allocated to the higher refractive index of the TiO2 shell (~2.2) compared with that of a SiO2 
shell (~1.43).  
 
 
Figure 2.5: a) Normalised absorption spectra of Ag@TiO2 core-shell nanoparticles with 
varying TiO2 thickness, b) Simulated resonance position with TiO2 shell thickness using 3 
separate values for the refractive index of the TiO2. The squares represent the experimental 
data from a) (52).  
 
The simulated spectra in Figure 2.5b show that at small shell thicknesses, the red-shift is very 
sensitive, however as the layer gets larger this sensitivity decreases until almost no change 
with shell thickness is seen. This matches the theory in that a maximum shift would be seen 
as the shell thickness gets very large (d→∞), as λmax becomes dependent only on the refractive 
index of the shell and not on the medium, as in equation (55). 
 
In addition, the experimental results (squares) match reasonably well with the simulated 
results, however a certain degree of error in the resonance position is noted. The authors 
attribute this to the variance of sizes and shapes in the samples, as both triangular and spherical 
nanoparticles are present with different degrees of truncation and eccentricity along the edges. 
As will be shown later, these changes in geometry can have significant effect on the resonance 
positions and therefore may alter the accuracy of these results. 
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Thiele et. al. (53) fabricated silver triangular nanoparticles that were coated in SiO2 for 
increased stability of the particle. These nanoparticles were synthesised for their application 
as refractive index sensors, whereby shifts in λmax could be attributed to changes in the 
dielectric environment. It was found that at a shell thickness of 83 nm, the particle was less 
sensitive to the refractive index of the medium than an uncoated particle. This also follows 
the principle that the red-shift slows with increasing shell thickness. Similarly, Peng et. al. (51) 
also analysed the effect of SiO2 shells on gold spheres finding that at a thickness of 80 nm, 
energy transfer across the shell became negligible and the observed red-shift ceased. 
 
We will now turn our attention to the near-field, focusing on the electric field distribution in 
the core@shell nanoparticles. It has been shown that the electric field surrounding the 
plasmonic particle is enhanced at the surface and decays exponentially away. Zhang et. al. (54) 
used finite element modelling to assess how the electric field distribution alters for a Au-Ag 
alloy nanoparticle surrounded by a SiO2 shell of varying thickness. As seen in Figure 2.6, it 
was found that at small shell thicknesses the electric field was particularly enhanced around 
the outside of the shell. As the thickness of the shell increased however, the enhancement 
became more localised to metal surface and the field strength at the edge of the shell reduced. 
 
 
Figure 2.6: E-Field distribution of a Au-Ag nanoparticle with SiO2 shell thicknesses of 2, 5, 8, 
15, 20 and 35 nm. The colour bar represents the local magnetic field divided by the incident 
electromagnetic field |E/E0|  (54). 
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Xu et. al. (55) also studied the effect of a silica shell of thicknesses of 5, 7 and 10 nm on a gold 
rod using finite difference time domain modelling as seen in Figure 2.7. Although the authors 
support the above result in claiming that a thinner shell leads to higher electric field around 
the outside of silica shell, it is possible to see the field distribution looks dissimilar. Unlike 
the above, the highest field strengths are consistently localised on the metal surface regardless 
of the thickness of the shell. The higher fields noted at the shell surface for thin shells may 
then simply due to the decay length of the plasmon. Considering this contrast in results, it is 
clear that the field distribution for core@shell particles is complex and may depend on factors 
other than the thickness of the shell.  
 
 
Figure 2.7: Electric field distribution of a Au nanorod with SiO2 shell of varying thickness at 
its two resonant wavelengths (55). 
2.5 Effect of Material and Size 
It has already been discussed that a plasmonic resonance can only occur for a metal when its 
real part of the permittivity is negative. For applications that aim to utilise the abundant visible 
spectrum of light, this limits the choice of metals that are applicable. The more common 
plasmonic materials that are applied in the visible region, plus the geometry and wavelength 
range at which they occur are shown in Figure 2.8. Gold and silver are typically the material 
of choice as they can be tuned across the entire visible spectrum and even into the NIR.  
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Figure 2.8: Spectral range of plasmonic materials and geometries within the visible region (53) 
 
The disadvantage of silver nanoparticles is their surface readily oxidises to form what is 
essentially a core@shell nanoparticle of Ag@Ag2O. As shown in the previous section, this 
alters the plasmonic response and causes a red-shift, plus it has also been noted to decrease 
the intensity (56). Gold on the other hand is very stable and does not oxidise making it an 
excellent choice for plasmonic applications.  
 
Alongside the dielectric environment and material, the size of the plasmonic nanoparticles is 
also crucial in controlling the SPR. Firstly, as previously mentioned, in order to obtain a 
plasmonic response on a nanoparticle the dimensions must be significantly smaller than the 
wavelength of the incident light, which when looking at the visible spectrum, means on the 
nanoscale.  
 
Firstly, it was shown in section 2.2 that under the quasi-static approximation the optical cross 
sections resonance position of spheres, and therefore the position of maximum absorption, 
depends only on the condition that the real part of the permittivity is equal to negative two. 
This however was only valid for vanishingly small particles. If the quasi-static approximation 
is dropped and instead the full Mie solution is determined, the results are as shown in Figure 
2.9. 
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Mie theory predicts that with increasing diameter, the SPR peak red shifts and the peaks 
broaden. The red shift is negligible for small diameters, whereby the quasi-static 
approximation is roughly valid, however as the sphere increases in size, this simplification 
breaks down and larger red-shifts occur. This increase in wavelength with diameter explains 
the change in colour associated with different sized gold colloid solutions. The red-shift noted 
may be explained qualitatively as larger particles require the electrons to oscillate over a larger 
distance resulting in a reduction in the frequency and therefore a shift to longer wavelengths 
(58). Although for spheres this red shift with diameter is relatively small, it can be much more 
pronounced for other geometries, such as for nanorods, whereby one dimension is 
considerably longer than the others. This can be particularly useful for tuning the optical 
properties over large areas of the spectra as will be discussed in more in the following section. 
 
If we extend our Mie calculations to show the absorption and scattering cross section, as 
shown in Figure 2.10, plus include the result for a much larger 400 nm diameter sphere, a 
number of other deductions can be made.  
 
 
Figure 2.9: Graph of Mie calculation results for extinction cross section of gold spheres with 
diameters between 20 nm and 140 nm in a vacuum. The arrows act as a guide for the eye 
showing the peak red-shift. Calculations were performed using the software MiePlot (57). 
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Firstly it can be seen that a maximum in the absorption efficiency for a sphere in a vacuum is 
seen at around a diameter of 100-120 nm. An increase in size beyond this causes a reduction 
in the efficiency and a substantial broadening of the peaks. Similarly the scattering efficiency 
also broadens with increasing diameter. This can be attributed to both radiative damping and 
the presence of higher order modes (30).  
 
Radiative damping refers to the process whereby energy is lost due to re-radiation from the 
particle and therefore coincides with the previously shown relationship from equation (37) 
that the scattering scales with the radius to the 6th power. Alternatively, the higher order modes 
come about as retardation effects become prominent. For instance, when the particle radius is 
substantial compared to that of the wavelength, typically quoted as around a tenth of the 
medium’s wavelength, the light is unable to homogenously polarise the particle causing the 
creation of additional modes (59). These modes begin at shorter wavelengths and red-shift with 
increasing size, along with the production of further modes. The presence of one of these 
modes can be seen in the scattering spectra of the 400 nm sphere in Figure 2.10 at around 500 
nm with the original dipole mode red-shifted to around 650 nm. These higher order modes 
can be allocated a number depending on the order they are produced with a dipole set as l=1, 
the quadrupole as l=2, and increasing thereafter.  
 
Figure 2.10: Graph of Mie calculation results for absorption efficiency (left) and scattering 
efficiency (right) of gold spheres with diameters between 20 nm and 400 nm in a vacuum.  
Calculations were performed using the software MiePlot (57). 
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Myroshnychenko et al. (30) used Mie theory to map the presence of these higher order modes 
against wavelength and diameter for gold spheres in water, as shown in Figure 2.11a, and also 
produced near field plots of the resonances (B-H). It can clearly be seen that the higher order 
modes are created at larger diameters and red-shift similarly to the dipole mode. The near 
field distribution of these modes is then also represented by the creation of additional nodes 
evenly spaced on the surface of the particle. 
 
 
Figure 2.11: A) Extinction spectra map showing the evolution of higher order modes. B-H) E-
Field maps of field arrangements for dipoles (l=1), quadrupoles (l=2) and octupoles (l=3) (30). 
 
These higher order modes are not limited to just spheres but instead can occur for any 
geometry when the length scales are comparable to the incident light. For example, Payne et 
al. (60) fabricated nanorods with an average diameter of 85 nm and lengths from 96 nm up to 
1175 nm. They found the presence of higher order modes began at an aspect ratio of around 
4. The number of these modes increased for longer nanorods to the point where l=7 modes 
were visible at an aspect ratio of ~14. Similar to the case for spheres, they show a trend where 
an increase in the length leads to a red shift in the position of the modes. Furthermore, it can 
also be observed that each additional mode is weaker than the one before it. 
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We will now briefly focus on the lower size limit of plasmonic nanoparticles. Here the higher 
order modes are non-existent and instead only the dipole mode is of importance. Mie theory 
predicts that with a decrease in size the quasi-static approximation once again becomes valid 
and the plasmonic peaks width and position becomes static. It has been shown experimentally 
however, by Alvarez et al. (61), that at sizes below around 5 nm the absorption peak broadens 
and becomes considerably damped until around a diameter of 2 nm whereby it disappears 
completely. This can be attributed to a number of reasons. Firstly as the nanoparticle size 
reduces to just a few nanometres, the number of its conduction electrons also rapidly reduces. 
As a surface plasmon is caused by the collective oscillation of its conduction electrons, it is 
therefore reasonable to expect a decrease. Similarly, Mie theory breaks down as it uses bulk 
dielectric data which is no longer valid at these length scales (59). The reasoning behind this 
deviation from the bulk dielectric data was proposed by Kreibig and von Fragstein (62) to be 
due to the mean free path of the electrons being limited by the size of the particle. As the 
particle gets smaller, the surface increasingly scatters the electrons randomly, thereby losing 
the coherent nature they require to form plasmons and also broadening the peak and 
dampening the oscillation (59). 
 
These deviations from the local dielectric data and the responses seen is commonly referred 
to as non-local effects. They can be somewhat accounted for by altering the dielectric function 
so that it accounts for the increased loss by changing the damping rate of the free electron gas 
(τ) as seen below, where υF is the Fermi velocity (30): 
 
ε(ω) + 
ω𝑝
2
ω(ω + iτ−1)
−
ω𝑝
2
ω(ω + iτ−1 + iυF R⁄ )
 (57) 
 
This allows better prediction of the optical cross sections for small spherical particles as seen 
in Figure 2.12 where the dashed lines represent calculated spectra using the above dielectric 
functions, and the solid lines represent experimental results. This method is only suitable for 
spheres however non-local effects can be prominent in other geometries as well as in sharp 
corners and small gaps (63). For these, more in-depth methods such as the hydrodynamic Drude 
model or the generalised nonlocal optical response (GNOR) model may be used (64). 
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2.6 Effect of Geometry 
In addition to the material, size, and dielectric environment of the particle, another important 
factor in dictating the plasmon resonance of a particle is its geometry. So far the discussion 
has mainly been directed towards perfect spheres due to the ability of solving these via Mie 
theory. By expanding into other geometries however, many interesting and advantageous 
properties may be realised.  
 
Other than a sphere, another typical geometry for plasmonic particles is that of nanorods. 
These will be defined as having length L, and radius R, resulting in its aspect ratio (AR) being 
equal to: 
 
AR = 
L
2R
 (58) 
 
These have grown in popularity due to their relative stability compared to other nanoparticle 
geometries and their anisotropic optical properties (66). For example, an interesting thing to 
note with nanorods is the presence of two modes depending on its orientation relative to the 
polarisation of the incident light, namely being the transverse and longitudinal modes (Figure 
2.13). This additional mode arises as one of the axis of a sphere is elongated, causing the 
plasmonic resonance to split. The transverse mode occurs when the electric field is polarised 
 
Figure 2.12: Comparison between experimental data from ref  (65) and theoretical data using a 
modified permittivity from equation (58), for various Au sphere sizes embedded in glass (63). 
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perpendicular to the nanorods long axis, causing an oscillation over the nanorods width. This 
occurs at similar wavelengths to that of a sphere of the same diameter. Alternatively, the 
longitudinal mode occurs when the electric field is polarised parallel to the nanorods long axis 
causing an oscillation of the electrons over the length of the rod. Similarly to that seen with 
an increase in diameter of a sphere, the resonance over the longer distance requires a reduction 
in the frequency and therefore a red-shift of the resonance position.  
 
 
Figure 2.13: Experimental absorption spectra for gold nanorods with AR of 2.7 and 3.3 
showing the two modes. Inset is of the SPR wavelength with AR showing a positive linear 
relationship for the longitudinal mode and negligible change for the transverse mode (59). 
 
These two modes were initially predicted in 1912 by Richard Gans in an adaption of Mie 
theory which has since become to be known as Gans theory (37). Although this was originally 
developed to predict oblate and prolate ellipsoids extinction spectra, it can also be applied to 
approximate nanorods (66). The extinction cross section is given by: 
 
σext =
ω
3c
𝜀𝑚
3 2⁄ V∑
(1 Pj
2⁄ )ε2
{ε1 + [(1 − Pj) Pj⁄ ]εm}
2
+ 𝜀22
,
j
 (59) 
 
Where V is the particle volume and Pj represents the depolarisation factors for the three axes 
A, B and C of the nanorod with A > B = C, defined as (59): 
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PA =
1 − e2
e2
[
1
2e
ln (
1 + e
1 − e
) − 1], (60) 
PB = PC =
1−PA
2
, (61)  
e = [1 − (
2R
L
)
2
]
1 2⁄
= (1 −
1
R2
)
1 2⁄
 (62) 
 
Here the factor e accounts for the aspect ratio of the nanorod. Studying these equations along 
with Figure 2.13 shows that the transverse mode is fairly independent of aspect ratio with 
only a slight blue shift seen with increasing AR. Instead, this transverse resonance is more 
dependent on the diameter of the nanorod. On the other hand, the longitudinal plasmon mode, 
which occurs at higher wavelengths, depends on the aspect ratio with a linear relationship (67). 
This can be seen clearer in Figure 2.14 from work by Tao et, al. (66).  
 
 
Figure 2.14: a) Extinction spectrum of gold nanorods with aspect ratios between 2 – 4, b) the 
relationship between aspect ratio and peak longitudinal resonance wavelength (66). 
 
Not only does the resonance position red-shift linearly with AR but there also appears to be 
an increase in the amplitude of the peaks with AR. This can be explained by its dependence 
on the volume term as seen in equation (59). On the other hand, we have seen previously that 
an increase in the diameter of a sphere above around 100 nm leads to a broadening of the peak 
and a decrease in the amplitude due to radiative damping. This is not the case for the 
longitudinal mode of nanorods however as although their length is increasing, the volume of 
the nanorod stays small compared to that of a sphere and therefore does not suffer from the 
same degree of radiative damping and broadening (68). This enables long aspect ratio nanorods 
to have exceptionally high enhancements levels which along with their tunability from the 
visible into the infra-red, makes these excellent choices for surface-enhanced Raman 
spectroscopy and photocatalytic applications. 
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Bryant et al. (69) modelled nanorods using the boundary element method (an overview of which 
is given in Chapter 5). Although they also found a linear dependence with aspect ratio they 
concluded that it is not always as straightforward, as rods with different dimensions but the 
same aspect ratio can have significantly altered resonance positions. For instance, it is found 
that a rod with an AR of 2 but with different radii from 5 nm to 100 nm can observe over a 
500 nm redshift for the larger diameter. This effect is also accelerated for larger aspect ratios. 
This red-shift with increasing diameter of the nanorod is attributed to the onset of retardation 
effects, similar to that with spheres.  
 
Prescott and Mulvaney (70) also found this dependence of the resonance position with radius 
and not just aspect ratio of the rod. In addition, they concluded that although Gans theory may 
provide a rough estimation for a nanorods optical properties, significant differences in the 
estimated and actual resonance positions exist. Using the discrete dipole approximation 
(DDA) method, also outlined in Chapter 5, they further studied the effect of shape and end 
cap geometry. It was found that as the rod changed from that of a spheroid as in Gans theory, 
to a spherically capped cylinder and then a flat ended cylinder, a red-shift with each was seen. 
By comparing the results for the different rod end cap styles to experimental data, a counter 
intuitive outcome was found whereby flat ended cylinders better correlated with experimental 
data than round-ended cylinders, even though TEM analysis showed the geometry to be more 
like the latter. This result can be seen within Figure 2.15. In contrast, Pecharroman et al. (71) 
suggests that nanorods are instead modelled more accurately by spherically capped cylinders 
and that any additional red-shift arises from the surface roughness of the rod.  
 
 
Figure 2.15: Comparison of DDA simulations to experimental data for AR vs λmax (left) for 
three different geometry configurations (right) (70). 
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The work by Trugler et al. (72) contradicts the finding that surface roughness of a nanorod can 
cause a significant red-shift. Instead they claim by using both experimental work and 
modelling using the Boundary Element Method, that surface roughness has little effect on the 
far-field optical properties. Their reasoning behind this is due to motional narrowing whereby 
the random height fluctuations lead to destructive interference and an overall small 
dependence. Despite this claim, it is still possible to see in their results that a small red-shift 
occurs with surface roughness. This red-shift is drastically amplified for rippled rods whereby 
the height fluctuations are constant and periodic along the length of the rod as the random 
nature is lost and destructive interference no longer occurs.  
 
From the above findings, it is possible to conclude that the optical properties of nanorods 
cannot be simplified by its aspect ratio and an analytic theory such as Gans theory. Instead 
the optical properties depend on many other factors such as the diameter of the rod, the end 
cap geometry and its surface roughness. This is in addition to other known factors that can 
affect the resonance of a nanorod such as the effect of surfactants commonly used in their 
fabrication (73), the effect of plasmon coupling (74), and polydispersity in the sample (75).  
 
The near field distribution of electric fields surrounding nanorods is critical to many 
applications and therefore a review of findings will be included here. With the development 
of modelling based approaches, the derivation of the electric fields surrounding particles of 
arbitrary shape has become commonplace. For instance, Yong et al. (76) used finite element 
modelling (FEM) to simulate the electric field enhancements of gold nanorods for the 
longitudinal dipole mode, quadrupole mode and sextuple mode, as seen in Figure 2.16. It is 
clear to see that the longitudinal dipole mode has the electric field maxima located around 
either end of the rod as one would expect and occurs at a wavelength of 2060 nm for the 
nanorod shown. Alternatively, the quadrupole mode is formed when the nanorod is long 
enough so that a further mode can be sustained in the middle of the rod, as shown in the 
schematic diagrams. This quadrupole mode, which in a similar manner to that for spheres, 
occurs at a lower wavelength than the dipole (1030 nm), has its biggest enhancement when 
the incident light has an angle of 39°, as shown in the far-field scattering plot. 
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Its electric field distribution also shows differences whereby an enhancement is also seen at 
the centre of the rod in addition to the previously described dipole mode which is now 
weakened. Lastly, the sextuple mode (734 nm) shows similar behaviour, however, this time 
two enhanced modes are clearly visible towards the centre of the rod and once again the dipole 
mode is weakened. 
 
These results are supported by the experimental work of Bosman et al. (77). Here they used 
electron energy loss spectroscopy (EELS) to image the multiple plasmon modes of long gold 
nanorods. EELS is a technique that utilises an electron beam with a known and narrow kinetic 
energy. As the electrons pass the nanorod, the plasmonic modes are excited and the electrons 
have a subsequent loss in energy. This loss of energy can be measured and used to produce 
both spectra and maps of the energy loss, thereby allowing analysis of the plasmonic modes. 
A more thorough description of EELS is given in Chapter 6 since this technique has been 
used for this thesis to provide a detailed study of the fabricated nanorod arrays. 
 
It can be seen in Figure 2.17 that a number of higher order modes are produced along the 
length of the nanorod and have very similar electric field distributions to those modelled in 
Figure 2.16. Similarly, each higher order mode occurs at decreased wavelengths and has a 
weaker intensity than the last. The two lines in the spectra refer to measurements both before 
and after annealing of the rod. The blue shift seen after annealing is attributed to a slight 
shortening of the nanorod (77). 
 
Figure 2.16: Schematic charge distributions, electric field distribution and far-field scattering 
plots for a gold nanorods a) dipole mode, b) quadrupole mode and c) sextuple mode (76).   
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Figure 2.17: EELS spectra before and after annealing of the gold nanorods and their 
corresponding plasmon maps (77). 
 
As previously alluded to, the end cap geometry of nanorods can have a substantial effect on 
the resonance position of the longitudinal mode. Liu et al. (78) used Finite Difference Time 
Domain (FDTD) modelling of nanorods with both a curved surface and an arrowhead 
geometry to assess how the change in geometry affected the enhancement of the electric 
fields. The results, as seen in Figure 2.18, show that the arrow head geometry has considerably 
larger E-Field strengths compared to the rod with the hemispherical end cap. The distribution 
of the electric fields shows that although there is still a characteristic dipole in both 
geometries, the highest enhancements are located at the sharp corners of the arrowhead. In 
contrast, the electric fields in the hemispherical cap are more dispersed over the surface. 
 
 
Figure 2.18: FDTD simulation results for gold nanorods with a) an arrow head end cap, and 
b) a hemispherical end cap, showing E-Field enhancements (78). 
 
This observed enhancement at the sharp corners of nanoparticles is a common feature that has 
been reported for many different types of geometry. For instance Zhang and Zhao (79) used 
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the DDA method to model the effect of a number of different nanorod shapes ranging from 
simple cylinders to more complicated castellated structures and y-shaped rods. They too 
found the electric field distribution depends on the shape of the nanorod with the highest 
enhancements once again noted at the corners of the nanorod. This however was also found 
to be polarisation dependent whereby a change in the incident angle can further alter both the 
location and magnitude of the electric fields. Additionally it was found that the sharp corners 
also led to subsequent red-shift of the plasmon resonance position.  
 
Sturman et al. (80) also investigated the effect of sharp corners on the plasmonic resonance 
using a surface integral eigenvalue based technique. It was concluded that as the corner 
curvature increases, a red-shift of the resonant wavelength occurs. Additionally, for large 
curvatures the dipolar resonant wavelength is predominantly dictated by this curvature alone. 
Lastly, they further observed that the increased corner curvature leads to a localisation and 
enhancement of the electric fields, matching that seen previously. 
 
This ability to control not only the resonant position but also the enhancement levels of the 
electric field using the geometry of the particle, has made the fabrication of new and exotic 
nanoparticle shapes an important area of research. The high electric fields in particular can be 
extremely useful in SERS applications due to the relationship that Raman scattering scales to 
the fourth power of the electric field (81). Figure 2.19 gives examples of some of the unique 
geometries that are able to be fabricated which include nanoprisms, nanocubes and nanostars. 
Although these geometries can show several plasmonic modes, we have highlighted those 
whereby strong localisation occurs at their sharp corners.  
 
 
Figure 2.19: EELS maps of an a) nanoprism (82), b) nanocube (83), and c) nanostar (84). This 
figure highlights the localisation of the plasmons but does not allude to the enhancement levels 
due to varying intensity scale from different work being used. 
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This localisation and the electric field enhancement can often be overestimated by simulations 
and theory, particularly for small sharp corners, due to non-local effects becoming prominent 
as previously discussed. Moskovits (85) states that non-local effects in general decrease the 
sharpness of the resonance and reduce the calculated enhancements by a magnitude of 2-3 for 
an isolated sphere. This was supported by the work of Ruppin (86) who found that when 
accounting for non-local effects in a conical tip, the electric field intensity is reduced by a 
factor of 2.64 when compared to the local calculations.  Similarly, Toscano et al. (87) studied 
the non-local response of a groove whereby the gap reduced to infinitely sharp levels. In 
addition to a finite E-Field strength being observed, which was limited to enhancement factors 
below 10 orders of magnitude, a blue shift of the resonant position compared to that predicted 
with the local approximation is also observed.  
2.7 Effect of Substrates 
The optical properties of plasmonic nanoparticles are commonly obtained with them in 
suspension within a solution due to the ease of measurement by methods such as UV-Vis 
spectroscopy. Despite this, for the application of the nanoparticles it is often required for them 
to be immobilised upon a substrate causing an inhomogeneity in the surrounding dielectric 
constant. As it has already been observed, plasmonic nanoparticles are highly sensitive to 
their local environment, and therefore it is expected that this proximity to a substrate will 
result in a deviation of their optical properties. This topic will be discussed here, with focus 
first addressing the effect of plasmonic nanoparticles on dielectric substrates, followed by 
assessing the effects of metallic substrates whereby plasmonic coupling may play a role.  
2.7.1 Dielectric Substrates 
The first attempts made to account for the presence of a substrate involved averaging the 
surrounding mediums dielectric constant with that of the substrate, a method known as the 
homogeneous matrix model (48). This is seen in equations (63) and (64) where the former is 
preferred for s-polarised light and the latter for p-polarised light. 
 
εm,eff = ρεsub + (1 − ρ)εm (63) 
1
εm,av
=
ρ
εsub
+
(1 − ρ)
εm
 (64) 
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Where εm,eff is the effective dielectric constant and ρ is a factor between 0 and 1 accounting 
for the relative occupancy of the substrate, typically around 0.5. Although this approximation 
qualitatively accounts for the effect of the substrate, the complexities of the electromagnetic 
wave and surface plasmon interactions within the vicinity of a substrate are not truly 
accounted for. Instead, Wind et al. (88) aimed to improve this method by including the substrate 
– embedding medium interface in the polarisation, similar to that performed for the sphere. 
The polarisability of the sphere on the substrate is then: 
 
α = 4πR3
ε − εm
εm + L(εm, εsub)(ε − εm)
 (65) 
 
where the factor L is given by: 
 
L =
1
3
(1 −
1
8
εsub − εm
εsub − εm
) (66) 
 
The results from this theory show that once again a red shift in peak resonance and an increase 
in magnitude is seen with increasing optical contrast between that of the substrate and the 
embedding medium, εsub – εm, as seen in Figure 2.20. 
 
 
Figure 2.20: Extinction cross section of a Ag sphere on a dielectric substrate with increasing 
permittivity, calculated using the polarizability of a sphere on a substrate method (48, 88) 
49 
 
The above method is valid only when that particles are much smaller than the wavelength of 
light. Furthermore, it fails to fully account for all the complexities you get when a particle is 
near a substrate. For instance, considering just a planar substrate without an adjacent particle, 
the incident light will partly be reflected by the substrate leading to a superposition of both 
the incident and reflected waves. This leads to the formation of standing waves above the 
substrate that alter the intensity of the incident field. Further complications also arise when 
one considers that the particle above a substrate will scatter light. Under this scenario there 
are three possible outcomes for the scattered light. Firstly, the simplest option is that the 
scattered light directly travels to the far field and does not interact with the substrate. 
Secondly, the scattered light may impinge on the substrate and reflect back off it to the far 
field. Finally, the last case is one where the scattered light reflects back off the substrate and 
onto the particle again. This latter option is the major complication when deriving analytical 
solutions to the problem and accounts primarily for any particle – substrate coupling (89). 
 
Considering the above, it is now also noted that the solution does not simply depend on the 
permittivity of the materials as with previous methods, but also on the location of the particle 
with respect to the substrate, as well as the polarisation and angle of the incident light. Despite 
this added intricacy, a rigorous solution was developed by Johnson (89) that takes all of these 
factors into account using the so called multipole expansion method. One limitation of this 
method, however, is that the solution is only valid for perfectly reflective substrates, and not 
dielectric ones. This limitation was addressed by applying an approximation originally 
considered by Videen (39) and built upon by Johnson (89) whereby it states the field being 
reflected back on to the particle can be accounted for using the Fresnel reflection coefficients 
at normal incidence. It is assumed however that the maximum incident angle of the reflected 
wave on to the particle is limited to 30°, and that in the 0° - 30° range the coefficient can be 
approximated constant. Fucile et al. (90) later expanded this to account more precisely for the 
angle, however at the expense of much greater calculation effort (48).  
 
By implementing the later, more refined models, which account for the previous mentioned 
complexities, a number of differences compared to the former relatively simpler models was 
found. For instance, it can be seen that both the polarisation and angle of incidence play an 
important role in the optical properties of a sphere on a substrate. Additionally, although a 
noticeable red-shift with increasing permittivity of the substrate was still predicted, it was less 
pronounced than before (48). 
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To better understand the effects that a substrate has on the optical properties of plasmonic 
nanospheres, a more rigorous examination that breaks down the various substrate effects was 
performed by Lermé et al. (91). Here the exact multipole expansion method was once again 
used, however, the results were split into extrinsic substrate effects and intrinsic substrate 
effects. The former relates to the effects seen due to reflections from the surface of the 
substrate resulting in alterations of the local electric field, where as the later relates to the 
scattering of light from the nanoparticle being reflected back on to it.  
 
Firstly, it was found that for a gold nanosphere on a substrate, an increase in the refractive 
index of the substrate causes a red-shift and a decrease in the extinction cross section (see 
Figure 2.21). The red-shift is predicted by simpler models such as the homogeneous matrix 
model, however the decrease in the extinction cross section is contradictory. By normalising 
the cross sections to the local field intensity however, thereby removing any extrinsic 
substrate effects, the extinction cross sections now match those of the homogeneous matrix 
model (Figure 2.21b). Similarly, by removing only the intrinsic substrate effects, the decrease 
is once again seen, however there is no observed red-shift in the resonance position (Figure 
2.21c). This therefore highlights that the extrinsic substrate effects dictate the amplitude of 
the cross sections, whereas the intrinsic coupling effects control the associated red-shift. 
 
When considering a silver nanoparticle instead of gold, as seen in Figure 2.21d-f, it can be 
seen that the inclusion of intrinsic effects results once again in a red-shift but also in the 
generation of additional modes. These additional modes therefore arise from coupling 
between the particle and the substrate. Furthermore, this splitting of the modes, and a resultant 
sharing of the oscillator strength, causes a decrease in the amplitudes with increasing 
refractive index, even when removing the extrinsic effects. This is in contrast to that predicted 
by the homogeneous matrix model and illustrates the importance of accounting accurately for 
factors such as reflection from the substrate, or coupling between the particle and the 
substrate. 
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Figure 2.21: Extinction cross sections of 10nm Au (a-c) and Ag (d-f) spheres on a substrate of 
refractive index N2, including all substrate effect (a,d), excluding extrinsic substrate effects 
such as reflections from the substrate altering the local field intensity (b,e), and excluding 
intrinsic substrate effects such as coupling (c,f). Adapted from (91). 
 
In addition to the effect of the substrates refractive index, Lermé et al. (91) also investigated 
the effect of polarisation, incident angle and the distance the particle is above the substrate. It 
was found that p-polarised light at oblique angles of incidence lead to much higher intrinsic 
substrate effects than with s-polarised light due to the charge distributions being located 
towards the bottom of the nanoparticle. Similarly, as a nanosphere approaches the substrate, 
the intrinsic substrate effects are predicted to increase, leading to a further red-shift and the 
generation of higher order modes. 
 
Focussing on these intrinsic substrate effects in more detail, with an electrostatic viewpoint 
these effects are all accounted for by a variety of terms such as induced surface charge 
52 
 
distributions, plasmon hybridisation, the coupling or splitting of modes, and interaction with 
image charges (91). This last term is particularly useful in explaining the particle-substrate 
interactions, as can be seen in Figure 2.22. For example, when a particle becomes polarised 
by an electric field, the substrate also undergoes an alteration in its charge distribution, which 
in turn may interact with that of the nanoparticle again. Using the image charge method it 
becomes possible to determine these charge distribution of the nanoparticle by specifying an 
imaginary image charge an equal but negative distance away from the substrate interface. The 
interaction of these two images can be solved whilst still satisfying the boundary conditions 
of the original solution. 
 
When a particle is sufficiently far away from the substrate so that its field lines do not interact 
with those of its substrate image, the particle essentially acts as one in a homogeneous 
environment (Figure 2.22a). However, when the particle is located on the substrate, there is a 
hybridisation with its substrate image leading to the generation of higher order modes, non-
uniform field distributions, and shifts within the spectra (Figure 2.22b) (92, 93). 
 
 
Figure 2.22: Method of image charges for a nanoparticle above a substrate with a-b) varying 
separation from the substrate and c-d) showing the presence of the induced local field at c) p-
polarised light and d) s-polarised light (92). 
 
The observed red-shift seen as particles are brought closer to a substrate regardless of the 
polarisation of light, can also be explained by the method of image charges. For example, 
Figure 2.22c shows the situation for a nanoparticle above a substrate where the electric field 
is normal to the surface (p polarised). Here the substrate image and the particle are polarised 
in the same direction, with the resulting induced field supporting that of the applied electric 
field. Alternatively, in Figure 2.22d, the electric field is parallel to the substrate (s polarised), 
and the particle and substrate image polarisations are opposite. Despite this, the induced field 
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still acts along the same direction as that of the incident electric field. In both cases the induced 
field matches that of the applied field and acts against the restoring forces, thereby leading to 
a shift to higher wavelengths (92). 
 
The above derivations have been in regards to spheres above substrate. In contrast, Noguez 
(92) used the spectral representation method to derive theoretical solutions to the problem of 
prolate and oblate spheroids at a finite distance above a TiO2 substrate, and under different 
polarisations of incident light, therefore representing something similar to a supported 
nanorod. It was found that as the aspect ratio of the spheroids increased, the longitudinal 
modes are red-shifted, however, the transverse modes are blue shifted, similar to that 
predicted by Gans Theory. Interestingly however they note that at larger aspect ratios, (AR > 
3), the dipolar resonance dominates and is at a similar wavelength to that of an isolated 
particle, suggesting that as the particle’s AR grows, the particle–substrate coupling becomes 
less dominant. 
 
The above analytical results are useful in terms of gaining a deeper understanding of how 
particles may interact with substrates, however, they are limited to certain theoretical 
assumptions such as being only applicable for spheres or spheroids, being above infinitely 
large substrates, or only accounting for a finite number of multipolar modes. To test the 
validity of these predictions, a comparison between the theoretical predictions and those 
found by numerical modelling and experimental work is now given. 
 
Myroshnychenko et al. (30) performed boundary element modelling of a gold nanoparticle on 
a silica substrate. They found the presence of the substrate decreased the scattering intensity, 
and that larger diameter particles were influenced more by the substrate than smaller ones. 
Alternatively, Kelly et al. (45) used the DDA modelling method to test numerically the red-
shift seen as a 20 nm silver sphere came in contact with a mica substrate, as seen in Figure 
2.23. An initial large red-shift is noted as the particle becomes partially embedded in the mica, 
compared to its vacuum resonance wavelength. This red-shift then slows becoming 
approximately linear, until it is completely embedded and represents that of a core-shell 
nanoparticle. The mica substrate in these models, however, has a thickness of only 10 nm and 
therefore it is questionable as to whether the complexities seen with real substrates, such as 
the presence of standing waves for instance, are truly represented. 
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Figure 2.23: DDA results for a silver sphere becoming increasingly embedded in mica (45).  
 
Similarly, Jensen et al. (94) used a DDA approach to model a truncated tetrahedron both 
without a substrate, and supported on a mica slab, as seen in Figure 2.24. Comparing their 
results to experimental data, they found the presence of the mica substrate gave a substantial 
100 nm red-shift of the resonance position and matched the experimental results 
uncharacteristically well, thereby concluding that substrate effects must be accounted for. 
They also noted that for accurate representation of the substrate, it should have a depth at least 
equal to the thickness of the particle and should extend a minimum of the radius of the particle 
past its edge. Despite this conclusion, I am sceptical that the full complexities of the substrate 
are once again truly modelled over such a short area. This partly is at fault of the DDA method 
which requires the entire simulation be constructed from a cubic lattice of polarisable dipoles, 
therefore making large areas extremely computational expensive. 
 
 
Figure 2.24: DDA results for a truncated tetrahedron without a substrate and on a mica 
substrate compared to experimental data (94). 
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Yang et al. (95) performed FEM simulations of a 200 nm silver sphere on a silicon substrate of 
varying thickness, including the presence of a thin 10 nm SiO2 layer separating them. They 
found that the thickness of the silicon substrate is critical to its scattering properties, with 
higher thicknesses leading to a larger red-shift of the resonance. They further propose that 
this may be a preferential method to tune the resonance positions of nanoparticles compared 
to altering their diameter. This was only performed however up to thicknesses equivalent to 
the sphere radius, and therefore may differ for larger substrates. Rui et al (96) corrected for this 
by performing similar simulations using a finite difference time domain (FDTD) method, 
however they used smaller particles of 60 nm diameter and instead altered the thickness of 
the SiO2 spacer layer. They found that adjusting the spacer thickness between 0 nm and 60 
nm led to a large blue-shift in the resonance as the particle moved further away from the high 
refractive index silicon layer. This was quick at small thicknesses but slowed after around 15 
nm due to the localised nature of the surface plasmon no longer interacting strongly with the 
silicon substrate.  
 
On the other hand, Ringe et al. (97) studied the presence of a 72 nm silver nanocube on silicon 
nitride substrates of different thicknesses, ranging from 25 nm to 200 nm using a FDTD 
method. Although they found a red-shift in the resonance position with the addition of the 25 
nm substrate, they also noted that further increases in thickness had negligible effects on the 
resonance position. Similarly, Wu and Norlander (98) used FDTD modelling to simulate a gold 
nanoshell on a finite sized dielectric slab to assess at what thickness and distance from the 
edge of the particle the results become constant. It was found that a thickness equal to the 
diameter of the particle and a width equal to twice the diameter of the particle is required.  
 
Experimental results support those found in theory and numerical modelling. For instance, 
Knight et al. (99) performed dark field spectroscopy of individual nanoparticles on a number 
of dielectric substrates. They found that the higher permittivity substrates led to a greater red-
shift of the plasmon mode, which when large enough, leads to the generation of higher order 
modes. Additionally, comparing polarisation of the light also shows a greater substrate 
interaction with p-polarised light resulting in a larger red-shift, as within Figure 2.25. The 
results of Kadkhodazadeh et al. (93) also support these findings. Here they performed EELS 
measurements of gold or silver nanoparticles on varying dielectric substrates, concluding once 
again, that higher order modes and larger red-shifts occur with the higher permittivity 
substrates. Additionally they also conclude that these substrate effects are amplified with an 
increase in the thickness of the substrate.  
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Figure 2.25: Experimental dark field spectroscopy spectra for Au/silica nanoshells on glass 
(n=1.52), sapphire (n=1.77) and ZnSe (n=2.67). Blue curves represent p-polarised incident 
light where as black curves represent s-polarised incident light. Adapted from (99). 
 
As already discussed, the presence of a substrate breaks the symmetry of the particles response 
causing the charge distribution to be anistropic, whereby it becomes concentrated towards the 
bottom of the particle. This has potential advantages due to the generation of enhanced fields 
within this area. For example, Hutter et al. (100) used FEM to assess the enhancement levels 
for a particle above a dielectric substrate. As seen in Figure 2.26, the substrate induces a strong 
localisation of the electric field in the gap with much higher enhancements of the field 
strength. Plotting the enhancement with distance from the substrate shows an exponential 
increase in the enhancement with decreasing gap size. It should be noted however, that gaps 
down to 0.6 nm are simulated, yet despite these small distances, the authors fail to account 
for non-local effects. As found by Ciraci et. al. (101) non-local effects seen at these separations 
can drastically limit the enhancement levels, although strong fields are still possible. 
 
 
Figure 2.26: E-Field distribution of a Ag nanoparticle of radius 25 nm in a) air and b) 2 nm 
above a dielectric substrate (n=2). c) E-Field enhancements for separations varying from 20 
nm to 0.6 nm. The inset represents the maximum field enhancements in the middle of the gap 
(rectangles) and 0.3 nm below the nanoparticle (circles) (100). 
57 
 
Numerous authors have attempted to utilise these strong electric fields found in the small gap 
between a particle and substrate. For instance, Linic et al. (102) placed silver strips on a TiO2 
substrate with small gaps between them governed by the inclusion of an organic spacer layer. 
They measured the rate enhancement of oxygen evolution with UV illumination for different 
spacer thicknesses. They found that as the particle was brought closer to the substrate, the rate 
enhancements increased exponentially due to the increased electric field strength producing 
more charge carriers in the TiO2. The greatest enhancements were seen for a separation of 
around 2-6 nm, however smaller separations showed a decrease in the enhancement attributed 
to losses due to Förster resonant energy transfer (FRET) from the semiconductor to the metal.  
 
In addition, plasmonic particles may directly transfer their energy into the substrate via 
mechanisms known as plasmon-induced resonant energy transfer (PIRET), or direct electron 
transfer (DET). Li et al (103) studied the presence of this energy transfer via EELS of a silver 
nanocube on both insulating substrates (SiO2) and semi-conducting substrates (a-Si and BP). 
By exciting the substrate localised dipole mode of the nanocube on each substrate they were 
able to map the EELS probability and effectively probe the energy transfer in each case. As 
summarised in Figure 2.27, it was found that on the SiO2 insulating substrate, the dipolar 
modes of the nanocube were prominent. In contrast, on the semiconductor substrates, these 
same dipolar corner modes were suppressed. With the support of electron driven DDA 
simulations this suppression was attributed to PIRET from the particle to the substrate. 
 
 
Figure 2.27: a-b)Experimental EELS probability maps for the substrate localised dipole corner 
mode for the Ag nanocubes supported on a) SiO2 insulator and b) a-Si semiconductor. c-d) 
Simulated EELS probability map for the same dipolar mode on a c) insulator and d) 
semiconductor showing the presence of PIRET. Adapted from (103). 
2.7.2 Metallic Substrates 
We will now focus the attention on to nanoparticles supported on metallic substrates, however 
many of the principles addressed with dielectric substrates are also relevant here, such as the 
applicability of the image charge method. For example, Pinchuk et al. (104) experimentally 
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produced 2 nm diameter silver nanoparticles supported on both a semiconductor (GeSe4) and 
metallic (Al) substrate. They then also simulated their results using a quasi-electrostatic 
approximation with the substrate accounted for by the image charge method. Good agreement 
was found between the simulations and experiments, concluding that the metallic substrate 
led to a much larger red-shift and an increase in the absorption cross section compared to the 
dielectric one. This is due to a larger hybridisation between the particle and its substrate 
image.  
 
This finding is consistent with the results of other literature. For example, Hutter et al. (105) 
used FEM to compare the effect of both the real (n) and imaginary (k) part of the substrates 
refractive index, in addition to comparing this to actual materials. They found that larger red-
shifts are seen when a metallic substrate is used over a dielectric one. Additionally, they found 
increased sensitivity of the red-shift with sphere diameter, and subsequent broadening of the 
peaks due to the presence of higher order modes from the substrate. In relation to the real and 
imaginary parts of the refractive index, the highest enhancements were seen for low n and 
high k substrates, as in the case of low loss metals.  
 
On the other hand, Sobhani et al. (106) collected single particle scattering spectra in a dark-
field microscope of aluminium nanoparticles on both a silica and aluminium substrate. They 
found the aluminium substrate led to a reduction in the linewidth of the dipole mode and 
increased its scattering efficiency. This was attributed to the aluminium film being able to 
hybridise both the dipole and quadrupole modes of the nanoparticle, which consequently 
reduced the radiative losses and narrowed the dipolar linewidth. This was supported with 
semi-analytical calculations for an 80 nm aluminium nanoparticle being brought closer to the 
substrate, as shown in Figure 2.28a. At large distances the spectra has only a single dipolar 
resonance and is relatively broad, however, as it approaches the metallic substrate a higher 
energy quadrupole mode is excited and the dipolar resonance consequently narrows. 
Alternatively, the increase in the scattering efficiency originates from higher reflections of 
the incident wave and scattered wave off the aluminium surface compared to the silica 
substrate. This hypothesis was reinforced by experimental and FDTD simulations where the 
supporting aluminium film thickness was reduced down to levels comparable with its skin 
depth. At these thicknesses they observe a reduction in the amplitude of the dipole peak, along 
with a broadening approaching that found in the absence of a film (Figure 2.28b). 
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Figure 2.28: a) Calculated scattering efficiencies for an aluminium nanoparticle approaching 
an aluminium film showing the emergence of the higher order modes and a subsequent 
narrowing of the dipolar linewidth. b) Experimental (left panel) and FDTD simulations (right 
panel) of an aluminium nanoparticle on an aluminium film of varying thickness. As the film 
thickness decreases to that of its skin depth, the dipolar linewidth broadens and reduces in 
amplitude (106). 
 
In contrast, Liu et al. (107) simulated the induced current density of a single gold sphere, plus 
that of a gold dimer, supported on a gold substrate. Their results show that with the presence 
of the substrate, higher enhancements in the electric field are seen, as shown previously. 
Alternatively, they suggest that these enhancements are due to electrons from the substrate 
being absorbed into the sphere and contributing to the plasmon resonance. For the dimer 
scenario, two resonant peaks are seen in the spectra, related to the dipole mode of each 
individual sphere and additionally a single larger dipole over the dimer. When removing the 
substrate, the majority of electrons remain in their own spheres leading to relatively weak 
coupling, however with the addition of the substrate the coupling is much greater, particularly 
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for the larger dimer dipole mode, attributed to more electrons being able to flow between the 
particles and contribute to the resonance. This mechanism may therefore provide another 
physical insight into the increased enhancement levels seen for conducting metallic substrates.   
 
A further consequence of using metallic substrates over dielectric ones is that the substrates 
themselves may also be able to support plasmonic modes in the form of surface plasmon 
polaritons (SPP). These propagating plasmons, formed on the interface of a metal and a 
dielectric have been shown theoretically by Takemori et al. (108) to be able to couple with the 
particle, thereby giving high electric field strengths. Expanding on this more, Leveque and 
Martin (109) used full-wave numerical scattering simulations to simulate that of a gold 
nanocube a small distance above a 50 nm thick gold film that itself is supported on glass. By 
directing the incident light through the glass at an angle of 45° and under p-polarisation, it 
experiences total internal reflection, resulting in an evanescent field. The decay of this 
evanescent field is then able to consequently excite both the LSPR of the particle, and the SPP 
of the film at the same time (see Figure 2.30a). This occurs for the conditions stated above at 
a wavelength of 600 nm. In addition to this however, the SPP mode also decays away from 
the film surface and in doing so couples with that of the nanoparticle.  
 
The results of Leveque and Martin show that when the particle is directly on the gold film, 
the SPP dominates and is largely unaffected by the presence of the particle. This is due to the 
film being infinitely larger than the particle and therefore any alterations it has will be 
minimal. When the particle is lifted small distances above the substrate however (e.g. 5 nm – 
50 nm), there becomes strong field enhancements, particularly within the gap, that decreases 
with increasing separation. This is in line with what we have already discussed regarding 
particles above substrates. Interestingly, the SPP wavelength is unaffected by this particle-
substrate coupling, however as before, the LSPR wavelength of the particle red-shifts for 
decreasing spacing (see Figure 2.29a). At larger separations (100 nm – 900 nm), the gap acts 
as a cavity whereby constructive or destructive interference between the particle and the film 
leads to shifts in the resonance wavelength and fluctuations in the enhancement levels (Figure 
2.29b). 
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Figure 2.29: Far-Field spectra for a gold nanoparticle separated by a distance, d from a gold 
film with a SPP mode. a) Spectra for distances of 0 nm – 50 nm, b) spectra for distances from 
100 nm – 900 nm. Here the intensity has been normalised by the local intensity of the electric 
field to accurately show comparisons between separation distances (109). 
 
These numerical results were supported by the experimental work of Mock et al (110) whereby 
they acquired the scattering spectra of gold nanoparticles above a gold film using both dark 
field illumination and total internal reflection illumination. Similar to the above, the total 
internal reflection method through a glass prism allowed the SPP mode of the gold film to be 
directly excited in addition to the particles LSPR, as seen in Figure 2.30a. In contrast, the dark 
field illumination from above only allowed the LSPR of the nanoparticle to be excited due to 
a mismatch in the in-plane wave vectors (Figure 2.30b). Furthermore, by depositing thin 
polyelectrolyte layers of varying thickness on the gold film, the spacing of the particle from 
the film was controlled.  
 
 
Figure 2.30: Schematic of a) total internal reflection method and b) dark-field method (110). 
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Firstly, using just the dark field illumination, Mock et al. found a significant red-shift of over 
100 nm for the particle supported on the gold film compared to one simply supported in a 
dielectric, as seen in Figure 2.31a. As mentioned previously, this is due to the increased 
hybridisation between the particle and the metallic substrate, compared to its dielectric 
equivalent. On the other hand, the results when comparing illumination method and separation 
distance from the film are much more complex due to the intricacies of each and the 
interaction they have on one another. For example, when the particle is in contact with the 
substrate, the characteristic dipolar nature of the resonance is found to be normal to the 
substrate, indicated by a doughnut shape to the point spread function intensity. As it moves 
away however, the horizontal dipole parallel to the substrate returns, owing to reducing 
coupling. Interestingly, it was found that this transition occurs slower for the total internal 
light set-up than for the dark-field illumination, and is also red-shifted in comparison. This 
difference has its basis in the presence of the SPP mode of the substrate. To elaborate, the 
transition is slower with the total internal reflection illumination as the SPP mode is excited 
and decays away from the substrate at a slower rate than that of the evanescent fields, therefore 
enabling the particle to couple to the substrate at increased distances.  
 
Alternatively, the red-shift seen can be understood better by studying the scattering spectra at 
different separation distances for each illumination method, as shown in Figure 2.31b-c. With 
dark field illumination, a similar result is found to that of other literature whereby a gradual 
red-shift occurs with decreasing separation from the film. When using the total internal 
reflection method however, this relationship is only found for small separations. At larger 
distances over around 10 nm, the resonance red-shifts again. They conclude this is due to the 
slower decaying SPP fields predominately becoming the dominant source of the nanoparticles 
excitation at the larger separations. This effectively allows the confined SPP mode to scatter 
to the far field and be detected. As this mode is red-shifted in comparison to that of the 
particles LSPR, due to the thicker dielectric spacer used having a greater impact on its spectral 
shift, this therefore explains the red-shift seen. 
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Figure 2.31: Scattering spectra for gold nanoparticles, a) directly supported on a gold film (red 
curve) compared to a dielectric (green curve), b) using dark-field illumination method with 
the nanoparticle a distance above the gold substrate, and c) as  with b but using the total 
internal reflection illumination method thereby exciting both LSPR and SPP (110). 
 
From these findings it is clear to see that a metallic substrates interaction with a nanoparticle 
is more complex than that of a dielectric due to the enhanced hybridisation and the ability to 
simultaneously excite both plasmonic modes of the nanoparticle and the substrate. The 
description of these interactions for various substrate and nanoparticle configurations 
therefore often require complicated mathematics or in-depth numerical solutions. Despite this, 
Norlander and Prodan (111) developed a relatively simplistic theory capable of giving insight 
into these structures, known as the plasmon hybridisation model. This approach is analogous 
to the widespread molecular orbital theory whereby atomic orbitals hybridise to form 
molecular orbitals, however, it instead addresses the hybridisation between the plasmonic 
modes of various nanostructures. 
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The principle of the plasmon hybridisation models is to deconstruct the plasmonic resonances 
of complex nanostructures into a series of plasmonic resonances for its much simpler 
constituent nanoparticles, whereby hybridisation between these describes the overall 
interaction and the energy at which they occur. To achieve this it is assumed the conduction 
electrons are treated as a charged incompressible fluid on top of a rigid, uniformly distributed, 
positive charge, which represents that of the fixed ion cores. The plasmon modes are then 
self-sustained deformations of this fluid, which due to being incompressible, only leads to the 
presence of surface charge on the nanoparticle. Furthermore, retardation effects are neglected 
therefore allowing the dynamics of the charges to be determined via Coulomb interaction. 
Using this method, the coupling of the individual plasmons can be viewed in the same manner 
as that for the molecular orbital theory, whereby the structure is comprised of low energy 
symmetric (bonding) modes and high energy anti-symmetric (anti-bonding) modes.  
 
Initially this theory was applied to multi-layered nanoshells with hybridisation of the 
plasmons between each shell (111), however since then this has also been expanded to 
nanoparticles above metallic surfaces (112), as discussed below. Figure 2.32, shows the 
schematic energy level diagram for a nanoparticle above a metallic substrate. Here ωsp relates 
to the plasmon energy of the flat substrate whereas the opposite nodes are for that of the 
spheres plasmons of angular momentum l (higher order modes). 
 
 
Figure 2.32: Schematic energy-level diagram showing the plasmon hybridisation principle for 
a metallic substrate plasmons interacting with the plasmons of a gold sphere. The green lines 
represent hybridisation between plasmons of different angular momentum l (112). 
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It can be seen that for each angular momentum of the spheres plasmons, an interaction occurs 
with the substrate with a resultant splitting of the modes into both low energy bonding modes 
and high energy anti-bonding modes. This indirectly accounts for the coupling between the 
different plasmonic modes of the sphere.  
 
Norlander and Prodan (112), used this plasmon hybridisation model to investigate how a sphere 
interacts with a substrate depending on the plasmon energy of the substrate and on the 
separation distance between the two. For an infinite plasmon energy of the substrate, the 
results match that exactly of the image charge method whereby the sphere is able to couple 
with its image and the azimuthal symmetric plasmonic modes of its image. As already seen, 
this leads to a red-shift with decreasing separation which occurs faster at small distances due 
to coupling of the higher order modes. This is very similar to the case of a nanoparticle dimer, 
as discussed in the following section. Alternatively, when the substrate has a plasmon energy 
only slightly higher than that of the sphere, it was found that this red-shift occurs at a greater 
separation distance due to the additional hybridisation between the plasmonic modes of the 
substrate and those of the nanoparticle. Finally, when the substrate has a lower plasmon 
energy than that of the nanoparticle, as could well be the case with certain metals, the opposite 
occurs whereby a blue shift in the nanoparticles plasmonic modes is found. These results 
highlight the complex hybridisations of plasmonic modes that may occur in nanostructures, 
and signify the importance that a substrate can have on their plasmonic properties. 
2.8 Effect of Coupling 
Focus will now be moved onto the issue of particle-particle coupling. In many respects this 
shares a lot of the similarities with that of particle-substrate coupling, and therefore it is useful 
to draw upon theories and relationships from the previous section. The largest difference 
however is both particles may also support localised plasmon modes that can interact and 
hybridise with each other. I will begin by discussing the theory behind particle-particle 
coupling, including that of the plasmon hybridisation theory, before comparing this with 
experimental findings and examining the near field enhancements. Lastly, the effect of 
combining these couplings using arrays of particles will be examined, with particular attention 
given to the case of periodic nanorod arrays, as in the focus of this thesis. 
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2.8.1 Coupling in Nanoparticle Dimers 
The simplest case of plasmonic coupling is that of a sphere dimer. Theoretically, this can once 
again be described using the plasmon hybridisation theory, as achieved by Norlander et al. 
(113) and seen within Figure 2.33a. Each nanoparticle is deconstructed into its individual modes 
of different angular momentum l, and hybridise with the other nanoparticles plasmonic modes 
to form both a low energy “bonding” mode and a high energy “anti-bonding” mode. For the 
case of the dipole mode (l=1), in the bonding scenario each nanoparticle has its dipole aligned 
in the same direction thereby resulting in an overall large induced dipole over the dimer. This 
dipole would radiate strongly to the far-field leading to it easily being detected and to it 
therefore being described as a bright mode. On the other hand, the anti-bonding mode has the 
dipoles of each nanoparticle being aligned in opposite directions, cancelling each other out, 
and leading to no net dipole over the dimer. This mode would therefore be unable to radiate 
to the far-field leading to it being labelled as the dark mode (114), as shown in Figure 2.33b.. 
 
 
Figure 2.33: a) Schematic of the plasmon hybridisation theory for a nanoparticle dimer 
whereby the plasmonic modes of each nanoparticle are shown to hybridise with the others 
giving rise to bonding and anti-bonding modes. At small separations, mixing between modes 
of different angular momentum will also occur (green lines), as shown here for the dipole mode 
(l=1) interacting with those of higher order, leading to a greater shift in energy (113). b) 
Schematic representation of the l=1 bright and dark modes for a sphere dimer. 
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In addition, when the nanoparticles of the dimer are in very close proximity there also arises 
coupling between the modes of different angular momentum. This results in different degrees 
of shifts in the energy of plasmonic modes, as represented by the green lines and arrows in 
Figure 2.33. Norlander et al (113) observed that these shifts are not symmetric, as found with 
larger separations, but instead the bonding mode develops a greater shift to lower energies 
(red-shift), whereas the anti-bonding modes blue-shift is somewhat reduced.  
 
Lastly, a comparison between the polarisation direction of the light shows that when the light 
is polarised along the inter-particle axis, the results and configurations as described above 
occur. On the other hand, when the light is polarised perpendicular to the inter-particle axis, 
the dipoles are ordered in the opposite way to that previously described. This means that the 
bright plasmon mode, whereby the dipoles are aligned symmetrically, is instead allocated to 
the anti-bonding coupling mode (similar to a π* bond in molecular orbital theory) and 
therefore blue shifts with decreasing separation (113). Alternatively, this red or blue-shift with 
polarisation can be predicted by studying the induced local field for each scenario, as seen in 
Figure 2.34. For example, when the polarisation is along the inter-particle axis, the induced 
field occurs in the same direction therefore acting against the restoring field and red-shifting 
the resonance. On the other hand, when the polarisation is perpendicular to the inter-particle 
axis, the induced field acts in the opposite direction and therefore supports the restoring forces 
giving rise to a blue shift (92). 
 
 
Figure 2.34: Induced field model for a dimer of nanoparticles with polarisation a) parallel to 
the inter-particle axis, and b) perpendicular to the inter-particle axis (92). 
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Aside from the plasmon hybridisation theory, Jain et al. (115) highlights another similar theory 
capable of explaining the interactions in a nanoparticle dimer is that of the exciton coupling 
theory, whereby plasmons are represented as excitons (116). This theory was initially developed 
to describe the effects seen when molecules agglomerate or dimerise, with associated strong 
energy shifts and splitting of the absorption bands into lower energy and higher energy levels 
compared to that of a monomer. The degree of this energy shift, J, is then determined from 
the interaction energy between the dimer chromophores, approximated by Coulombic 
interaction between each particle’s transition dipole moments (115): 
 
J =  
1
4πε0
|μ|2
na2R12
3 κ (67) 
 
where μ is the transition dipole moment, na is the refractive index of the medium, R12 is the 
distance between the dipole centres, and κ is the orientation factor given by 𝜅 =
cos 𝜃12 − 3cos 𝜃1𝑅 cos𝜃2𝑅. Here θ12 represents the angle between the two nanoparticle 
dipoles, whereas θ1R and θ2R represent the angle between the respective nanoparticle dipole 
and the inter-particle axis.  
 
The similarities between this method and the plasmon hybridisation model are clear to see, 
and the associated results match qualitatively very well. For instance when the light is 
polarised along the inter-particle axis of a symmetric dimer, the interaction energy is negative 
(as κ=-2), therefore stating the dipoles are attractive, and an associated red-shift is seen. 
Alternatively, for light polarised perpendicular to the inter-particle axis, the interaction energy 
is positive (κ=1), and therefore the dipoles are repulsive with a blue-shift predicted. The main 
difference however between these two models, as explained by Jain and El-Sayed (117), is that 
the exciton coupling model only treats the dipolar modes and ignores those of higher order. 
As we have already discussed, at small separations the coupling between modes of different 
order become increasingly important. This results in a faster shift in energy predicted with the 
hybridisation model than with that of the exciton coupling model, and an improved agreement 
with numerical simulations (117).  
 
Now considering the case of nanorods instead of spheres, both the plasmon hybridisation 
theory and exciton coupling theory once again allow us to predict the associated energy shifts 
from coupling. In this scenario, due to the reduced symmetry in nanorods, orientation is 
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particularly important. Although many different orientations of a nanorod dimer is possible, 
each at varying angles to the other, here for conciseness only the two main configurations are 
discussed, namely end to end nanorods and side by side (parallel) nanorods. Each of these 
however also has its two polarisation dependent modes, namely the previously described 
transverse and longitudinal modes. 
 
Firstly, for end to end nanorods, the scenario is similar to that for spherical dimers. When the 
light is polarised along the nanorods length, thereby exciting the longitudinal mode, the 
bonding mode (σ) is the bright mode with symmetrical orientation of the nanorods dipoles, 
and is consequently red-shifted compared to that of an isolated rod. Alternatively, the anti-
bonding mode (σ*) is the dark mode, and occurs blue shifted from that of the isolated rod. On 
the other hand, for a side by side arrangement, again using light polarised so that it excites the 
longitudinal modes, the opposite is true. Here the bonding mode (π) with anti-symmetric 
dipoles is the red-shifted dark mode, whereas the anti-bonding mode (π*) is the blue shifted 
bright mode (118). This can be seen clearer in Figure 2.35 below. 
 
 
Figure 2.35: Exciton coupling diagram showing the coupling of the a nanorod dimers 
longitudinal modes for both an end to end and side by side orientation (115). 
 
Considering the same orientations, but now with the polarisation of the light across the 
nanorods width (transverse mode excitation), different trends arise. For an end to end 
arrangement, Willingham et al (119) explains the dipole modes hybridise with modes of higher 
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order leading to a blue shift. This however is significantly weaker than for the longitudinal 
polarisation. Similarly, for a side by side arrangement, the transverse dipole mode will also 
hybridise with other modes, but this time leading to a red-shift. This is stronger than in the 
previous case due to a larger area for the plasmon modes to couple over, however, is still 
weaker than that seen for longitudinal polarisation. 
 
Although the above theoretical models are able to approximate the energy shifts of various 
coupled nanostructures fairly well, numerical simulations and experimental work studying 
the particle-particle coupling is also crucial. Jain et al. (115) used DDA simulations to model 
nanorod dimers in a side by side and end to end arrangement under both longitudinal and 
transverse polarisation, as seen in Figure 2.36. 
 
 
Figure 2.36: DDA simulations of AR=4 nanorod dimers showing the extinction efficiency for 
a side by side arrangement with a) longitudinal mode excitation and b) transverse mode 
excitation. Alternatively for an end to end arrangement with c) longitudinal mode excitation 
and d) transverse mode excitation (115). 
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Starting with the side by side arrangement, it can be seen that as predicted in the theoretical 
models, a decreasing separation of the nanorods leads to a fairly large blue shift for the 
longitudinal mode and a small red-shift for the transverse mode. This shift occurs quicker at 
smaller separations due to stronger coupling between the rods. Alternatively for the end to 
end configuration, a good match with theory is once again found. The longitudinal plasmon 
is red-shifted with decreasing separation, whereas the transverse mode has perhaps a slight 
blue shift, however this is very weak due to the large separation of the dipoles. Furthermore, 
when the individual rods in a dimer are of different aspect ratios, it was found that with both 
orientations the dark mode no longer has a zero net dipole and therefore it becomes visible, 
albeit as a weak peak in the spectra. 
 
One possible result that casts doubt on these DDA simulations is that the amplitudes of the 
extinction efficiency for longitudinal polarisation remain fairly constant at different 
separation distances. It was found in their own experimental work (115) however, that adding 
sodium citrate to a gold nanorod solution predominantly results in aggregation of the nanorods 
in a side by side arrangement. Consequently, they note a blue shift in the UV-Vis longitudinal 
mode and a decrease in the absorbance with increasing concentrations of sodium citrate. 
Additionally, a slight red-shift and increase in the transverse mode is found, as seen in Figure 
2.37. 
 
 
Figure 2.37: a) UV-VIS of gold nanorods with different sodium citrate concentrations leading 
to aggregation in a side by side manner as shown in the TEM images in b) (115). 
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The results of Lee et al. (120) support this finding of a decrease and blue-shift in the absorption 
of the longitudinal mode and an increase and red-shift for the transverse mode when in side 
by side orientation. Using FDTD simulations they showed that this decrease in the amplitude 
is amplified with the addition of more interacting nanorods, and therefore an increased 
coupling strength (Figure 2.38a). Additionally, they concluded the side by side arrangement 
led to cancellation of the radial component of the electric fields due to destructive interference 
between the rods therefore causing no hot-spot to be found in the gap (Figure 2.38b-d). 
 
  
 
 
Figure 2.38: a) FDTD simulations of gold nanorods of varying number interacting in a side by 
side arrangement leading to a blue-shift and decrease in amplitude with increasing number of 
rods. b) Schematic of destructive interference between the radial E-Field components of two 
side by side rods with accompanying electric field intensity profiles from c) above for two rods 
and d) side on for four rods (120). 
 
In contrast, for an end to end arrangement of the nanorods, Funston et al. (74) showed the 
opposite to be true. Using DDA simulations, a red-shift and increase in the extinction 
efficiency was found for nanorod dimers with decreasing separation. They also compared 
these with experimentally derived scattering spectra using a dark-field microscope at very 
close separations where the nanorods are almost touching (~1 nm). They found that the DDA 
simulations failed to give accurate results at the very small separations, attributed to the array 
of point dipoles having a spacing of 1-2 nm, and therefore not being able to resolve these 
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separations accurately. Additionally, they concluded that the associated shifts with spacing 
can only be fitted accurately with an exponential decay function when the spacing to rod 
length ratio is greater than 0.09. At ratios less than this, it is believed that the higher order 
modes interacting with each other led to greater shifts, as predicted by the previously 
described plasmon hybridisation theory. 
 
The importance of the orientation and spacing of nanorods is not just related to the spectral 
shifts but also due to the ability to generate greatly enhanced electric field strengths within 
the gaps. N’Gom et al. (121) performed EELS along with energy-filtered transmission electron 
microscopy (EFTEM) to map the coupling between two gold nanorods in a configuration 
close to an end to end arrangement. Additionally, this was compared with DDA simulations 
and the results for isolated particles, as seen in Figure 2.39. An increase in the intensity of the 
longitudinal peak was seen for the coupled rods, with the greatest EELS intensity arising from 
within the inter-particle gap. Furthermore, by comparing the decay of both the EELS intensity 
and the electric field within the DDA simulations, a good agreement between the two was 
noted, therefore allowing the authors to conclude that EELS is capable of imaging the electric 
field enhancements of plasmonic nanoparticles with improved spatial resolution. It is 
important to note however, that differences may occur when exciting coupled nanoparticles 
with an electron beam, as in EELS, compared to that with light excitation. This is due to light 
excitation being uniform across the structure therefore allowing the charge distributions to 
move freely. On the other hand, in EELS, when the beam is located within the gap for 
instance, it may cause alterations to the coupled nanorods charge distribution by repelling 
negative charges. This has been shown to result in a slightly blue-shifted mode compared to 
that with optical excitation (122). 
 
 
Figure 2.39: EFTEM image of coupling for the longitudinal mode in an end to end nanorod 
dimer with a 5 nm gap (left). DDA simulation for the same geometry showing the enhanced E-
Fields (middle). Comparison of the plasmon decay between the experimental EFTEM data 
and the DDA results for the longitudinal mode of a single Au nanorod (right) (121). 
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These strong electric field enhancements between the gaps of end to end coupled nanorods 
have also been found within other works. For instance, Cheng et al. (123) produced an array of 
end to end gold nanorods, with a small gap of ~1.3 nm between them, by depositing within a 
porous alumina template. The gaps were filled with 1,4-benzeneditiol molecules, allowing 
SERS measurements to be taken. The strong coupling between the nanorods led to SERS 
enhancements of 30 times compared to that for a single rod, with the highest enhancements 
seen when the length of the two rods are the same. Additionally, Liu et, al (124) performed 
FEM simulations to model the coupling of two short nanorods on a quartz substrate with 
varying gap size. It was found that at large gap sizes the particles acted like individual 
nanoparticles, however, as the distance decreased the field strength drastically increased 
leading to enhancements of over 80 times. In fact they concluded that the field enhancement 
is roughly inversely proportional to the gap size, therefore the most efficient way to increase 
the electric field enhancement is to decrease the particle spacing. 
 
Despite the prediction of these very strong enhancements at small gap sizes, once again care 
must be taken to include the effects of non-locality, which were not considered in the 
examples above. For instance, Wiener et al. (125) developed a 3D EELS FEM simulation of 
two gold nanoprisms joined by a thin 0.5 nm wide section. Under local conditions there is the 
presence of an enhanced electric field around this bridge (Figure 2.40b), however when taking 
non-local conditions into account, this field strength is reduced by a factor of two (Figure 
2.40c). 
 
 
Figure 2.40: Simulated electric field profiles for the connected gold nanoprisms using local 
(black) and non-local (red) conditions. b) Electric field maps using local conditions and c) non-
local conditions clearly showing the reduction in field strength at the small bridge (125). 
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As already mentioned within this section, the addition of more closely spaced nanoparticles 
leads to an increase in the coupling strength. With this in mind, the plasmonic properties of 
arrays have become increasingly important due to the high degree of coupling that can be 
achieved. Additionally, if produced in a regular nature, the arrays allow tuning of the 
plasmonic properties with potentially excellent control and reproducibility. The plasmonic 
properties of these arrays and more specifically nanorod arrays will now be discussed.   
2.8.2 Coupling in Nanoparticle Arrays 
Firstly, a regular nanoparticle array where the spacing between the particles is so large that 
near-field coupling cannot occur may still undergo alterations to its optical properties due to 
its periodic structure. This comes from coherent scattering between the particles over a long 
range. For instance, Haynes et al. (126) fabricated periodic arrays of gold and silver 
nanoparticles of 200 nm in diameter, and varied the centre to centre inter-particle spacing 
between 230 nm and 500 nm. They found blue-shifts in the extinction as the spacing was 
reduced with the largest shift seen at a spacing similar to around half the resonant wavelength, 
attributed to radiative dipolar coupling. Similarly, Smythe et al. (127) fabricated horizontally 
aligned arrays of nanorods with varying control over both the end to end gap and the side by 
side gap. They found that the fields radiating from neighbouring nanoparticles were capable 
of coupling either constructively or destructively depending on the spacing and orientation. 
For the end to end spacing, a constructive interference led to a blue-shift in the resonant 
wavelength whereas a destructive interference led to a red-shift. On the other hand, the 
opposite was found for a side by side orientation. 
 
Despite these long range effects, the most interesting features of nanoparticle arrays occurs 
when the spacing is small enough so that the particles near-fields may couple. In this scenario 
the plasmonic modes of the individual nanoparticles are capable of combining into a 
collective coupled mode with unique properties. One example of this is with the longitudinal 
mode of vertically aligned nanorod arrays, as in the focus of this work, and discussed 
hereafter. It is noteworthy to mention that the fabrication of these arrays is similar for all the 
following works, and is typically achieved via electrodeposition of metals into either bulk or 
thin-film porous alumina. This process can read about in more detail in Chapter 3, however it 
should be noted that good control over the spacing, aspect ratio, and diameter of the nanorods 
is achievable, thereby probing the specific coupling interactions. 
 
76 
 
One of the first works examining the optical properties of these vertically aligned nanorod 
arrays is that by Foss et al. (128). They showed that transmission through the array was possible 
by depositing gold into the alumina pores and onto a silver backing. This silver was then 
selectively etched resulting in a gold nanorod/alumina composite material that was 
transparent in the visible and UV regions, as seen in the TEM image of Figure 2.41. They 
showed that performing UV-Vis spectroscopy on this composite, with normally incident light 
and for nanorods with aspect ratios of one and six, resulted in the plasmon peak being found 
at a wavelength of ~560 nm, therefore relating to that of the transverse peak. No longitudinal 
mode is seen due to normally incident light being used, therefore the electric field cannot 
excite over the long axis of the rods. In this work, and in follow up papers by the same authors 
(129, 130), the effects of both the nanorods AR and diameter were studied. As the AR of the rods 
increases, the mode blue-shifted slightly, whereas increasing the diameter leads to a red-shift. 
Although these findings fit qualitatively well with the theory for isolated nanorods, the 
densely packed nature of the particle array led the authors to instead used an effective medium 
theory whereby particles did not have to be treated as isolated, known as the Maxwell-Garnett 
theory (131). 
 
 
Figure 2.41: (Left) TEM image of the nanorod / alumina composite material, where the arrow 
highlights the embedded gold nanorods. (Right) Absorbance spectra taken at normal incidence 
for gold nanorod/ alumina composite with (A) AR of 1, (B) AR of 6 (128). 
 
The Maxwell-Garnett theory is based around the assumption that a composite material, such 
as the gold nanorods embedded in an alumina matrix, may be described by a complex 
effective dielectric constant 𝜀?̃?. This is calculated from the complex dielectric constants of the 
embedded metal nanoparticles,  𝜀?̃? and that of the surrounding material 𝜀0̃, as seen in equation 
(68). 
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(
ε̃c − ε̃0
ε̃c + 2ε̃0
) = fm (
ε̃m − ε̃0
ε̃m + 2ε̃0
) (68) 
 
Where fm is the volume fraction of the metal in the composite material and must be 
significantly smaller than that of the host material (130). Additionally, the factor 2 in the 
denominator of the above equation is known as the screening parameter, and is geometrically 
dependent. For a spherical geometry of the particles, this is given the value of 2, however for 
the case of vertically aligned nanorods with their long axis parallel to the incident light this is 
typically altered to 1 (129). It is noted here however that the Maxwell-Garnett theory is a quasi-
static approach where the nanoparticles are assumed infinitesimally small compared to the 
wavelength of the incident light. To account for this assumption and apply the theory to 
relatively larger particles, Foss et al. (129) adapted the screening parameter to become a 
complex wavelength dependent term that encompasses the increased scattering from larger 
particles.  
 
Following this, the calculated complex dielectric constant of the composite material may then 
be converted to the refractive index (nc) and extinction coefficient (k), and used to determine 
the total transmittance of the material using: 
 
Ttot = [1 −
(nc − 1)
2 + kc
2
(nc + 1)2 + kc
2]
2
exp(−4πkc d λ⁄ ) (69) 
 
where d is the film thickness and λ is the wavelength. Using this approach, good agreement 
was found between the experimental and calculated results, particularly for smaller radius 
particles whereby the quasi-static validity of the theory was better achieved (130). Despite this, 
by using only normally incident light, the above work failed to probe the particularly 
interesting features related to the longitudinal mode of the nanorods. This was corrected in 
the work of Atkinson et al. (132) whereby using a thin film alumina approach, gold nanorods 
supported on a 5 nm thick gold substrate, followed by a 7 nm Ta2O5 adhesion layer and finally 
a glass slide were fabricated, as seen in Figure 2.42. Transmission measurements were then 
taken at varying angle of incidence and light polarisation.  
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Figure 2.42: (Left) Schematic diagram of nanorod array in alumina (132), (right) SEM image of 
gold nanorods after removal of alumina template, inset is a TEM cross section of the arrays in 
the alumina (133). 
 
Firstly, for nanorods of 20 nm diameter, a spacing of 40 nm and a length of 330 nm 
(AR=16.5), it can be seen that under s-polarised light at varying angles of incidence, the 
results matched those of Foss et al. reasonably well in that a single peak is observed around 
520 nm relating to that of the transverse mode (Figure 2.43a). In contrast, for p-polarised 
light, a second peak appears at a wavelength of around 700 nm that increases in strength at 
higher angles of incidence (Figure 2.43b). At normal incidence however, this peak vanishes, 
therefore alluding that the nature of the peak is related to the longitudinal mode due to it 
requiring a degree of polarisation over its long-axis.  The peak therefore also isn’t seen with 
s-polarised light at any angle of incidence, as the polarisation of the light remains normal to 
the long-axis. Furthermore, this peak at longer wavelengths can also be seen to blue shift 
slightly with increasing angle of incidence. 
 
 
Figure 2.43: Transmission data for a gold nanorod array of AR=16.5 at varying angle of 
incidence with (a) s-polarised light, and (b) p-polarised light (132). 
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The first behaviour is consistent with the theory of an isolated nanorods longitudinal mode, 
however, its variability with angle of incidence is in contrast. A later paper by Wurtz et al. 
(133) investigated this in more detail and found that the angular dispersion of the arrays depends 
on the effective inter-rod distance, defined as n̅d, where n̅ is the average refractive index of 
the host medium and d is the particle separation. As the effective inter-rod coupling distance 
decreases, the coupling strength increases and a higher angular dispersion is found. 
 
In addition to this, the arrays dependence on AR was studied due to the well-known feature 
that an isolated nanorods longitudinal mode shifts to higher wavelengths with increasing AR. 
Atkinson et al (132) and Evans et al. (134) studied this effect with the results summarised in 
Figure 2.44. 
 
 
 
Figure 2.44: a) Extinction spectra for gold nanorod arrays with varying AR embedded in 
alumina. The incident light is p-polarised at 40° angle of incidence and the centre to centre 
inter-rod spacing is about 100 nm (134). b) Resonant wavelength of the longitudinal mode with 
AR for both isolated rods (blue) and nanorod arrays (red) (133). 
 
Both works found that as the aspect ratio increased, a red-shift of the longitudinal peak was 
seen, therefore fitting with the theory of an isolated rod. In the paper by Atkinson et al., 
nanorods of varying lengths were grown and the presence of this peak can be seen even at 
aspect ratios of around 3.75 (not shown). They state however that as the nanorod length 
decreases, the mode blue-shifts and overlaps with that of the transverse mode. Similarly, 
Evans et al. in the later paper kept the nanorod length the same, however varied the diameter 
and therefore its aspect ratio. They found that at aspect ratios of 12 and less, only one peak 
was present in the spectra due the mode overlapping with transverse peak. As the AR of the 
nanorod increased however, the mode red-shifted, moving it away from the transverse peak.  
80 
 
The degree of this shift can be seen in Figure 2.44b for both an isolated nanorod (blue) and 
that of the nanorod array (red). The most striking feature of this graph is that the resonant 
wavelength of the nanorod arrays longitudinal mode is significantly altered from that of an 
isolated rod. With increasing aspect ratio, the longitudinal mode of the isolated rod is seen to 
quickly red-shift in a linear manner, so much so that by an aspect ratio of 4 it is already moving 
into the NIR wavelengths. Alternatively, for the nanorod array, only above aspect ratios of 12 
does the longitudinal mode appear as a distinct peak. Although this also red-shifts with 
increasing AR, it occurs at a much slower rate. For example, for an aspect ratio of 27, the 
mode is still in the visible region with a resonant wavelength around 700 nm. Additionally, 
this red-shift is seen not to be linear but plateaus towards the higher aspect ratios.  
 
Considering the strong dependence that this mode has on the incident angle, aspect ratio and 
inter-particle coupling strength, it was concluded that the mode must be somehow related to 
the longitudinal mode, however, elucidating the exact dependence on the longitudinal mode 
would require more complex analysis. To aid their interpretation, Atkinson et al. (132) used the 
previously described Maxwell-Garnett theory with the added adaption of accounting for the 
optically anisotropic nature of the nanorod composite by applying it in tensor form. By 
determining the effective dielectric constants for the principle axes, and consequently 
converting these to the effective refractive indices (nx, nz), the overall effective refractive 
index for the array may be found for each polarisation of light (ns, np). For the case of s-
polarised light, which has its electric field always parallel to the inter-particle axis, only the 
x-component is present, therefore ns = nx. For p-polarised light however, a combination of 
both the x and the z-components of the effective refractive indices is required for a given 
angle of incidence (θ), calculated using equation (70). These are then used to determine the 
transmittance, absorption and reflection of the composite material. 
 
np = √n𝑥2 + n02 sin θ2 (1 −
n𝑥2
n𝑧2
) (70) 
 
These calculations resulted in a very good agreement with the experimental data both in terms 
of the resonance wavelength with AR, and the blue-shift with angle of incidence. Greater 
insight into this result is found however by plotting the calculated complex refractive index 
for the nanorod array, as seen in Figure 2.45. 
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Figure 2.45: a) Calculated refractive indices for the principal axes x and z for the composite 
material with 75nm long gold nanorods. b) Effective refractive index for the p-polarised wave 
within the nanorod array. Both calculations are performed assuming an angle of 60° (132). 
 
The authors reported (132) that the above graphs show a number of distinct features that allow 
an explanation of the experimental data found. Firstly, studying Figure 2.45a, it can be seen 
that for the complex refractive indices in the x-direction, a peak is seen around 525 nm. This 
relates to the transverse mode of the nanorods. A similar peak however is not found around 
620 nm, which is the wavelength that the longitudinal mode is seen within the experiments 
for these 75 nm long nanorods. Instead, at this wavelength the real and imaginary parts of the 
complex refractive index are seen to be equal, each with comparably low values. As the 
permittivity is related to the complex refractive index by 𝜀𝑟 = 𝑛
2 − 𝑘2 this therefore results 
in 𝜀′𝑧 ≈ 0. Additionally, considering equation (70), as the values of nz are low in comparison 
to nx, this result in a large np value that accounts for the experimental peak (Figure 2.45b).  
 
On the other hand, it is also noted that the real and imaginary z-components are seen to be 
equal at around 1350 nm, however this time with larger values than that of the x-component. 
This results in the opposite effect whereby the imaginary component, (np’’), is relatively small 
and therefore is not seen as a peak in the experimental spectra. Additionally, for wavelengths 
in-between these two discussed points, the permittivity of the array becomes negative. 
 
The presence of these two modes whereby (n′z) ≈ (n′′z), was explained by inter-rod 
coupling within the array resulting in the creation of a collective plasmonic resonance. This 
coupled mode has one component at lower wavelengths that is bright with symmetrically 
aligned dipoles, and a higher wavelength dark mode with anti-symmetric dipoles that cannot 
be excited by light. This is as predicted by the previously described plasmon hybridisation 
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theory or the exciton coupling theory, as seen in Figure 2.46. As more nanorods interact, a 
band of plasmonic states is formed within the nanorod array (133). 
 
 
Figure 2.46: Schematic diagram for the plasmonic resonance energy levels of a nanorod array 
compared to its isolated modes. The top diagram refers to the longitudinal mode which under 
a strong coupling strength (J) splits to form a low and high energy mode. The bottom 
schematic represents that of the transverse mode coupling (133). 
 
The electric field distribution of this coupled mode will now be addressed. Wurtz et al. (133) 
performed FEM simulation of a nanorod array (30 nm by 300 nm), supported on a glass 
substrate and embedded in alumina. P-polarised light was incident though the bottom glass 
surface at an angle of 45° and periodic conditions were used on the boundary so as to represent 
an infinite square array of nanorods. The inter-rod distance was then varied from 500nm to 
100nm and the normalised electric field √E⃗ ∗. E⃗  and power flow (directional energy flux of 
the electromagnetic field) plotted, as seen in Figure 2.47. 
 
 
Figure 2.47: Electric field distribution and power flow vectors for the longitudinal mode of a 
nanorod array (30 nm x 300 nm), at an inter-rod spacing of a) 500 nm, b) 200 nm, c) 150 nm, 
d) 100 nm. A shift in the electric field spatial distribution occurred with decreasing separation 
between rods, from being localised at the rod ends to localisation in the middle of the rods. 
83 
 
As the inter-rod distance is reduced, it can be seen that the electric field distribution changes 
from being localised at the rod ends, as is typical for a longitudinal mode, to being 
predominantly towards the centre of the rod. This dramatic shift coincides with the power 
flow altering from being localised at the rod ends for large separations, to a more central 
distribution with the net energy flux travelling perpendicular to the nanorods long axis. These 
findings are supported by additional experimental work by Evans et al. (135) where they found 
a lack of sensitivity of the nanorod array to a change in refractive index at the nanorod ends. 
 
Fiehler et. al. (136) also performed FEM simulations of a nanorod array in alumina, however, 
this time for a hexagonal array supported on a 10 nm gold substrate, as in their experiments. 
The transmission and reflection of the array was determined and compared to experimental 
results. The authors work further supported the findings described above whereby a mode was 
found at much shorter wavelengths than one would expect for that of an isolated rod, relating 
to the presence of this blue-shifted coupled mode. This mode was also seen to further blue-
shift as the angle of incidence was increased. Plotting the electric field at this wavelength (630 
nm) shows a similar result to the previous simulations in that a mode in the middle of the 
nanorod is created that is coupled with its neighbouring rods, as seen in Figure 2.48. 
Additionally however, the authors also report the presence of other modes not previously 
mentioned. For example, modes between around 600 nm and 700 nm were found to relate to 
thin-film interference effects, whereas a mode at 710 nm in the simulations is attributed to the 
transverse mode of the substrate. Further simulations of this substrate mode show that with 
increasing thickness a large blue-shift is seen. This result is interesting as typically an increase 
in the thickness would lead to a red-shift of the transverse mode. For this reason I instead 
believe this mode isn’t simply the transverse mode of the substrate but instead is a mode 
arising from coupling between the nanorods and the substrate, therefore giving it a more 
complex behaviour.  
 
 
Figure 2.48: Simulations of a hexagonally periodic gold nanorod array in alumina showing the 
electric field plots at varying wavelengths. All plots shown are for p-polarised light at 20° (136). 
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Although these works highlight a lot of the optical features of nanorod arrays, a number of 
omissions are present. For instance, the transmittance of the film was measured and expressed 
as the extinction so as to compare results. This extinction includes contributions from all the 
radiation that was absorbed, scattered, or reflected from the structure, and therefore any peaks 
seen in the spectra cannot solely be attributed to absorption for instance. Additionally, 
reflection losses in these thin film system can be very high, therefore it is likely the peaks 
seen also include contributions from these (132). Fiehler et. al. (136) tried to address this 
shortcoming by also measuring the transmittance and reflection from nanorod array thin film 
structure, relating this to the absorption. Although differences between this absorption spectra 
and the extinction spectra were noted, attributed to accounting for the thin film reflection, 
once again the diffuse scattering from the array was neglected. This scattering can be 
particularly high for plasmonic structures, and therefore solely allocating the peaks to 
absorption may be incorrect. As applications such as that for photocatalysis would benefit 
from large absorption by the array, this is therefore an important factor to consider. 
 
Furthermore, the studies to present have almost exclusively focused on the bright blue-shifted 
mode of the nanorod array. This is due to the ease at which optical data on this mode may be 
obtained using standard UV-Vis equipment. The dark mode however has received little 
attention in comparison, yet may provide interesting information and confirm the splitting of 
the modes as predicted by theory. As this cannot be excited by light however, other techniques 
such as EELS would be required. 
 
Lastly, the bulk of research analysing the optical properties of these nanorod arrays has used 
a thin film production technique. As discussed in more detail in the following chapter, 
although this allows relatively easy analysis of the array, the technique suffers from the 
drawback of having more unordered rods that may not be in a well-defined hexagonal 
arrangement. Additionally, this technique also limits the system to having a very thin gold 
substrate in order for the light to be transmitted through it. Typically this gold substrate has a 
thickness of around 5-10 nm and is attached to the glass slide via a tantalum oxide adhesion 
layer of comparable thickness. As mentioned within this chapter, the substrate can couple 
strongly with plasmonic nanoparticles, particularly when of a small thickness. This can give 
rise to complex behaviours, as seen with the substrate mode in the work of Fiehler et al. (136), 
whereas the presence of the nearby adhesion layer may also alter the optical properties.  
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The importance of understanding the optical properties of these nanorod arrays arises from 
the large number of potential applications they may be used in. For instance, coupling within 
the nanorod array allows the incident electric field to alter direction and travel perpendicular 
to the nanorods long-axis, therefore essentially propagating the energy through the array. This 
shows promise in waveguide applications. For example, Wurtz et al. (133) calculated the group 
velocity and propagation length of this guided mode as a function of inter-rod spacing. It was 
found that although group velocities varied considerably with spacing, the highest levels were 
seen at a relatively large spacing of around 155 nm, giving comparable levels to other 
plasmonic waveguides. In addition, the propagation lengths seen were from between around 
2.7 um to 1.66 um, again varying with spacing. This dependence on the nanorod arrays 
geometry allows control and potential optimisation of the wave-guiding abilities (137). 
 
Similarly, many other applications may arise from the use of nanorod arrays due to the ability 
to accurately control the resonance position and therefore optimise optical or optoelectronic 
properties. For example, nanorod arrays have been shown to be excellent refractive index 
sensors, whereby a small surrounding layer of the alumina is etched creating core-shell 
particles. A change in resonance position is then only observed when the refractive index of 
this shell layer is altered and not with the superstrate, due to the field being localised in the 
centre of the rods (135, 137). Lastly, the unique properties and negative permittivity of these 
arrays has been shown to be important in other applications and areas of interest, ranging from 
meta-material development (138, 139), SERS (140-142), plasmon-exciton coupling (143, 144), and 
photocatalysis (145, 146). 
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3 FABRICATION 
METHODOLOGY 
Although many synthesis methods exist for the production of nanorods, such as that of seeded 
growth (147, 148), and lithography (149), each has their own drawback that hinders their potential 
use in the development of photocatalytic nanorod arrays. For example, the seeded growth 
method for gold nanorod synthesis is a wet-chemical method whereby small nuclei are first 
produced, and subsequently grown in a solution by reduction of gold salt using a weak 
reducing agent. These are stabilised with a surfactant to favour anisotropic growth (150). Whilst 
this method is capable of producing high yields of nanorods with uniform sizes, the nanorods 
are generally of short aspect ratio and would require difficult and time consuming approaches 
to self-assemble the rods into a regular array (151). The lithography techniques on the other 
hand allows the precise control and arrangement of the nanorods that is difficult to achieve 
with other methods. Unfortunately, depending on the specific method used, it can be very 
costly to perform, takes long times, has limited resolutions, and is generally not preferable for 
fabrication of large areas (152). In contrast, as will be discussed in the following section, the 
templated growth method allows nanorod arrays to be produced over large areas, with good 
control over the size and spacing in the array, using relatively cheap and accessible equipment.  
 
This chapter will begin by reviewing the templated method for the synthesis of nanorod 
arrays. Following this, a detailed methodology is included for the production of nanorods in 
this work, including the initial preparation of AAO templates, and the subsequent 
electrodeposition within them. Finally, the methodologies regarding how these nanorod 
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arrays are converted into a TEM format for EELS analysis, plus how a TiO2 coating is added, 
are then discussed. The procedures undertaken for the EELS analysis and photocatalytic 
experiments are omitted from this fabrication section, and instead outlined within their own 
chapters. 
3.1 Production of Nanorod Arrays by Template 
Electrochemical Deposition 
Templated growth methods refer to those where the geometry of a nanoparticle is governed 
by growth, typically by electrodeposition, within a restrictive template. This was initially 
introduced for nanorod growth in 1970 by Possin (153) using the etched nuclear damage tracks 
in mica, resulting in rods as small as 40 nm in diameter being created. Williams and Giordano 
(154) later optimised the process, creating 8 nm diameter nanorods. Unfortunately, the uptake 
of the track-etched template method was hindered by a number of disadvantages such as 
having pores that although uniform in size, were randomly orientated. Additionally, large 
deviations in direction of the pores occurred meaning they often intersected each other (155). 
The pores were also not uniform throughout their length but tended to widen in the middle 
giving rise to so called cigar shapes, as found by Schönenberger et al. (156). 
 
In the early 1990’s the template-based technique had a resurgence largely led by the work of 
Charles Martin’s research group (128, 129, 157-159) and their electrodeposition within porous 
anodic aluminium oxide (AAO) templates. These templates had the advantage of having 
hexagonally arranged pores which were of uniform diameter both in respect to each other and 
throughout their length. Additionally, the AAO templates benefitted from the fact that they 
could be made relatively simply within a laboratory, and that the size of the pores could be 
controlled, giving diameters ranging anywhere between 5 nm to hundreds of nanometres. In 
contrast to the track-etched templates, the pores of the AAO also run very normal to the 
surface therefore reducing the chance of intersection of pores. 
 
The principles and theory behind the production of these porous AAO templates is outlined 
in depth by Lee and Park (160), however here only the main points will be summarised. When 
aluminium is electrochemically oxidised (anodised) within an acidic electrolyte, an initial thin 
oxide layer, known as the barrier layer, starts to be produced on the surface of the aluminium 
that increases in thickness with time. As this layer thickens, the resistance of the system 
increases due to the insulating nature of the oxide and a large decrease in the current occurs 
down to its minimum value, as seen in Figure 3.1, stage I. 
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During the next stage, pores within the oxide begin to form. The reasoning behind this is 
under debate, however it is typically attributed to one of two driving forces: either electric 
field assisted growth from the presence of defects (162) or mechanical stress assisted growth 
due to volume expansion (163). In either case, it is observed that pores are formed with a random 
distribution on the surface that are disordered and have no relationship to the anodising 
voltage (161) (Figure 3.1, II). 
 
As the oxide thickness is initially at its thinnest at the very bottom tip of the pore, the oxide 
layer in this area grows quickest. This gives rise to a hemispherical shape both at the pore 
bottom and at the metal/oxide interface (164). This shape leads to a higher electric field 
concentration towards the base of the pore which enables further ion migration across the 
barrier layer, therefore lowering the resistance, and leading to a steady increase in the current 
up to a local maximum. As the anodisation continues, the stable hemispherical shape 
essentially propagates down through the aluminium leaving behind a cylindrical pore. The 
expansion of the pores occurs not only downwards, but also horizontally and at different rates 
between the pores. This causes the pores to either join with those adjacent, or cut them off 
restricting their growth, thereby reducing the pore density and leading to a steady decrease in 
the current (161), (Figure 3.1, III). During this phase, the applied potential is seen to directly 
control the thickness of the barrier layer at the bottom of the pores. As the pores continue to 
propagate downwards and enlarge horizontally, they begin to compete with those nearby, 
 
Figure 3.1: Current-time curve showing the different stages of anodisation, along with 
schematic diagrams representing each. Adapted from (161). 
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essentially being repulsed by each other and limiting the pore diameter (164). Given sufficient 
anodisation time, this leads the self-ordering of equal size pores into a close-packed 
hexagonally ordered structure that continues to propagate down through the aluminium, 
converting it to an oxide as it goes. This self-ordering process typically take many hours to 
achieve, during which the current remains relatively stable and the oxide layer grows 
proportionally with charge passed (Figure 3.1, IV). 
 
 
The structure of this ordered AAO template can be defined by a number of parameters, as 
seen in Figure 3.2. As previously discussed, the potential used during anodisation directly 
controls the size of the barrier layer at the base of the pores. Additionally however, it has also 
been shown the other parameters such as pore diameter, wall thickness and interpore distance, 
also crucially depend on the potential with a linear relationship (160). These relationships are 
summarised in the empirical equations below, where U is the applied potential in volts: 
 
Barrier Layer Thickness (nm) = 1.2 × U (71) 
Pore Diameter (nm) = 1.29 × U (72) 
Interpore Distance (nm) = 2.5 × U (73) 
 
In addition to the above, there are a number of other factors that are also important to control. 
For example, it has been shown that the best self-ordering occurs when the voltage applied is 
just below a factor known as the breakdown potential (166). This relates to the potential at 
which the oxide begins to crack and burn due to too high current densities. As the breakdown 
potential is dependent on the electrolyte being used and its concentration, certain 
 
Figure 3.2: Schematic diagram of the a) arrangement of pores, b) structural parameters (165). 
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combinations are typically preferred so as to achieve the best results. Additionally, the 
temperature of the electrolyte has also been known to affect the anodisation, whereby in 
general lower temperatures are shown to reduce the pore diameters (162).  
 
In industry, when growing a protective oxide layer by anodisation, typically large voltages 
above the breakdown potential are used as they achieve much quicker growth rates and the 
quality of the film is generally not important (167). This is known as hard anodisation and 
usually requires specialist equipment to maintain the operating conditions (168). When creating 
AAO templates for nanorod growth however, much lower potentials are preferred due to the 
ability to grow high quality pores. This is instead called mild anodisation. Unfortunately, mild 
anodisation suffers the drawback that it takes several hours to achieve highly ordered pores, 
therefore the top of the oxides are generally disordered, whereas the bottom becomes more 
ordered (167). Masuda and Satoh (169) overcame this by performing a two-step anodisation. Here 
the aluminium was initially anodised until the pores became ordered, before then selectively 
etching away this initial oxide layer using a phosphoric acid and chromium oxide solution. 
The remaining aluminium is left textured with dimples on its surface in the hexagonally 
ordered form which then act as pore initiation site for the subsequent second anodisation. This 
results in straight ordered pores that run throughout the oxide layer as seen in Figure 3.3. 
 
 
Figure 3.3: (Left) Schematic diagram showing the two-step mild anodisation process. a-c) SEM 
images relating to schematic diagram steps i-iii respectively. d) A colour coded SEM image of 
the 2-step AAO showing the distribution of domains. Here white resembles defect pores, 
whereas the colours indicate the average angle to their six nearest neighbours (160). 
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For reference, an alternate thin film process for the production of AAO has also been 
developed (170). This involves sputtering a glass slide with a thin 5 nm conductive layer of gold 
(with 10 nm of tantalum pentoxide as an adhesion layer), followed by magnetron sputtering 
a few microns of aluminium. Anodisation is then performed as above, however, generally 
only a single anodisation is possible due to the thin thickness. Although this leads to more 
disordered pores, greater stability is obtained, plus if using a thin conductive layer, the 
structure becomes transparent allowing characterisation of the optical properties by 
transmission measurements (134).  
 
In either case, the pores of the AAO are ideal for use as templates in the growth of nanorods. 
There are a number of techniques used to achieve this depending on the material required. As 
outlined by Hulteen and Martin (155), these include electrochemical deposition, electroless 
deposition, chemical polymerisation,  sol-gel deposition, and chemical vapour deposition. In 
addition, more recently atomic layer deposition (ALD) within AAO templates has also been 
demonstrated (171).  
 
By far the most popular of these techniques is that of electrochemical deposition. 
Unfortunately however, it suffers from an additional complication in that the boundary layer 
at the bottom of the pores acts as an insulating layer, therefore prohibiting electrodeposition. 
To overcome this, the templates are typically soaked in phosphoric acid for a set period of 
time to etch this layer. A further consequence of this etching process however is that the pores 
themselves are also etched becoming wider and more rounded. By carefully selecting the 
etching time, this can allow for a further degree of control over the pore size and therefore the 
diameter of the nanorods. On the other hand, care must be taken not to over-widen the pores 
to the point where neighbouring pores join as this will lead to a breakdown of the periodic 
structure and severely weaken the template. The appropriate etching times for removal of the 
barrier layer depends not only on the temperature and concentration of the phosphoric acid, 
but also on the electrolyte and voltage used during the AAO formation, as this determines the 
initial size of the barrier layer.  
 
Following this pore widening process, the unreacted aluminium is typically removed via 
selective etching and replaced by a thin metal film either by thermal evaporation or ion 
sputtering, (155). This must be done in a manner that it completely covers the pores, and 
therefore is able to act as the cathode for subsequent electrodeposition. This electrodeposition 
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process is performed in a three electrode system whereby the working electrode is the cathode, 
the counter electrode is a typically a platinum wire, and a reference electrode allows the open 
circuit potential (OCP) to be determined by providing a stable potential (see Figure 3.4a). The 
electrodeposition is typically performed by a potentiostat method, whereby applying a 
potential more negative than the OCP, allows the electrodeposition to commence (172).   
 
When this potential is applied to the system, the positively charged metal ions in the solution 
migrate to the cathode whereby they are reduced and deposit on the surface. As a deposited 
layer builds up on the cathode, subsequent deposition only occurs if this layer is also 
conductive, thereby allowing the process to continue. For this reason, electrodeposition is 
typically only viable for metals, semiconductors, or conductive polymers (173). As the 
electrodeposition continues, the material fills the pores of the AAO template from the bottom 
until eventually, given sufficient time, the wires grow out of the end of the template and merge 
to give a continuous layer. The current, time plot for this deposition process is seen in Figure 
3.4b. After an initial sharp peak in the current due to the double-layer capacitance charging, 
nucleation of the metal occurs at the bottom of the pores. As the pores slowly become filled 
the current remains relatively stable, followed by a large increase as the material emerges 
from the template and the working electrode size increases. Once these join to form a 
continuous film, the current remains constant (174). 
 
 
Figure 3.4: a) Schematic of the three electrode system used for electrodeposition within AAO 
templates, b) Current-time curve of electrodeposition in AAO templates (174). 
 
Although the above graph can give an insight into the level of pore filling, in general it is 
preferential to stop the electrodeposition before the rods emerge from the template. Instead, 
to determine the length of the nanorods, the mass of material deposited during 
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electrodeposition can be calculated by monitoring the charge passed and applying Faraday’s 
equation of electrolysis, as seen in equation (74). 
 
m = (
Q
F
) (
M
z
) (74) 
 
Here m is the mass of material in grams, Q is the charge passed in coulombs, F is the Faraday 
constant, M is the molar mass of the material, and z is the valency number. By approximating 
certain factors of the AAO template such as the pore density, pore diameter, and membrane 
diameter, the effective surface area for the deposition can be determined. The density of the 
material can then be used to estimate the size of the nanorods produced compared to the level 
of charge passed. Following this deposition, the last step in the fabrication of nanorod arrays 
then usually involves removing the AAO template by means of soaking in sodium hydroxide.  
3.2 Methodology for Fabrication of AAO Templates 
The AAO templates used in this work are produced using the following methodology. Firstly, 
high purity (99.9999%) 0.5 mm thick, annealed aluminium foil supplied by Alfa Aesar is cut 
into 15 mm diameter sections. These are then ultrasonically cleaned and degreased in acetone 
for 10 minutes, followed by placing in 0.5 M sodium hydroxide for 5 minutes, before finally 
ultrasonically cleaning in ultra-pure water for a further 10 minutes.  
 
The next stage of the process involves reducing the surface roughness of the sample surface 
by polishing. This smooth surface aids in the self-ordering of the pores, leading to higher 
quality templates produced (175). Typically, other work has achieved this by electropolishing 
in a perchloric acid and ethanol mixture using relatively high current densities (176), however, 
a chemical polishing solution was preferred here as it is safer and is capable of achieving 
equal levels of surface roughness as shown in the work of Alam et, al. (175). This involves 
adding the cleaned aluminium to a solution of 15 parts of 68% nitric acid and 85 parts of 85% 
phosphoric acid at 85°C for 5 minutes whilst being stirred rapidly. The acid is then neutralised 
by soaking in 1M sodium hydroxide for 20 minutes, before finally being rinsed in ultra-pure 
water. 
 
The sample is then secured in a homemade PTFE chamber containing the electrolyte of 
choice, as shown in the schematic in Figure 3.5. O-rings are used to seal the sample and ensure 
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only one surface of the aluminium is exposed to the electrolyte. The opposite side of the 
aluminium is then placed against a copper washer with a wire attached to provide an 
electrically conductive contact, thereby forming the working electrode. The PTFE chamber is 
placed within a 5 wt% water-methanol cooling bath which is subsequently cooled to 0° by 
means of a Cole-Palmer recirculating chiller. A hole in the lid of the PTFE chamber allows 
the insertion of a thermometer into the electrolyte to monitor the temperature and ensure this 
too reaches 0°. Additionally, an aluminium counter electrode (10 cm × 2 cm × 0.5 mm) is 
positioned through the lid of the PTFE chamber and into the electrolyte. This is positioned so 
that it is separated from the sample by a distance of 1 cm. A TTi QL355TP DC Power Supply 
then provides a controlled voltage to the aluminium counter and working electrodes. As 
mentioned in the previous section, the size of the pores created depends not only on the 
electrolyte used but also on the anodisation voltage supplied. It was found a voltage of 25 V 
is optimum when using 0.3 M sulphuric acid as the electrolyte, whereas 40 V is preferential 
for a 0.3 M oxalic acid solution. On the other hand, if larger pore diameters are required, a 
0.1 M phosphoric acid may be used as the electrolyte with voltages of either 140 V or 195 V, 
this however requires extra cooling to keep the temperatures low.  
 
 
Figure 3.5 Schematic diagram of experimental rig used in production of AAO templates. 
 
A two-step anodisation was performed so as to produce the highest levels of order and ensure 
the pores run perfectly vertical through the alumina. A sufficient length of time was required 
for this process to achieve satisfactory levels of order, therefore the first anodisation was run 
overnight for approximately 18 hours. Although this achieved a reasonable degree of order 
towards the bottom of the pores, the top of the pores were relatively disordered and as such 
would lead to poor quality nanostructures. To overcome this, the AAO layer produced was 
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selectively etched using a solution of 6 wt% phosphoric acid and 1.5 wt% chromium (VI) 
oxide solution at a temperature of 65°C for 2 hours. The etch rate of this AAO layer was 
monitored by measuring the mass loss of the sample with time as seen in Figure 3.6. Although 
the mass remained constant after around 30 minutes, signifying the layer is removed, this is 
typically extended to around 2 hours to ensure complete removal.  
 
 
Figure 3.6: Mass loss with time of the first anodisation AAO layer showing complete removal 
of the layer by 120 minutes.  
 
The selective etching of the AAO layer once completely removed leaves an ordered array of 
dimples due to the bottom of the pores extending further down into the aluminium then its 
bulk oxide layer. If a second anodisation is performed, these dimples provide a preferential 
site for pore growth and therefore a well ordered growth is achieved from the start. The second 
anodisation was implemented identically to the first except for a longer anodisation time of 
approximately 24 hours. This was due to the AAO layer being very brittle and therefore a 
thicker AAO layer provides increased strength for subsequent procedures.  
 
Following the second anodisation, the AAO must be prepared for use as a template. This 
involved removing any residual aluminium and opening up the insulating barrier layer. The 
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first was achieved by using a solution of 0.1 M copper (II) chloride and 6 M hydrochloric 
acid, to selectively etch the unconverted aluminium. This process was undertaken by first 
securing the sample in the PTFE sample holder as seen in Figure 3.5 before slowly pipetting 
the etching solution on to the aluminium layer until completely removed, which was 
recognised by the sample turning transparent. The PTFE sample holder restricted the etching 
solution to the centre of the sample and left a ring of thick aluminium surrounding the fragile 
AAO to both act as a support and provide a strong area that the O-rings could press upon to 
secure the sample into its holder during the electrodeposition phase. 
 
The opening of the barrier layer was achieved by using a 5 wt% phosphoric acid solution 
heated to 30°C. The AAO templates were placed within this solution for a specified time until 
the insulating barrier layer had been removed and the pores were widened to the required 
diameter. The time required for this depended on the electrolyte and anodisation voltage used 
during its production and therefore tests were carried out to determine the optimum conditions 
for each, as shown in the following chapter. In summary however, AAO templates produced 
using sulphuric acid were widened for between 15-20 minutes, whereas for oxalic acid, longer 
times of between 30-50 minutes were needed, depending on the diameter of the pore required.  
 
Lastly, a 150 nm working electrode of gold or silver was added to the pore widened side of 
the AAO templates by thermal evaporation (Edwards Auto 306). A rate of around 0.1-0.2 nm 
per second gave high quality films that covered the holes of the AAO. A gold substrate was 
generally preferred due to its stability, however, if removal of the substrate was required after 
nanorod growth, silver was occasionally used instead due to the ability to selectively etch it 
relative to the gold nanorods. In both cases, high purity wire of at least 99.95% was used as 
obtained from Goodfellow. Following evaporation of the working electrode, the templates 
were ready for growth of the nanorods as discussed in the following section. A summary of 
the process performed in the fabrication of the AAO templates are shown in Figure 3.7. 
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Figure 3.7: Production steps in fabrication of AAO templates for nanoparticle growth. 
3.3 Methodology for Electrodeposition of Nanorod Arrays 
The fabrication of the nanorod arrays using the AAO templates was based upon the 
methodology outlined by Banholzer et al. (177) for deposition into commercial Whatman AAO 
templates. A number of modifications and additional steps were required however in order to 
get high quality deposition in to the homemade AAO templates, as summarised below. 
 
Firstly, as previously mentioned, the templates were left with a ring of unreacted aluminium 
around the edge so as to give it extra stability and provide an area at which the O-rings may 
press against to firmly secure it the rig and stop any leaking. Without this strong and relatively 
thick aluminium ring surrounding the AAO, it was found the pressure needed to secure the 
sample in the electrodeposition rig often led to the brittle AAO templates cracking. 
Unfortunately, a disadvantage of having this aluminium ring was that it required to be 
insulated from the electrolyte so as to avoid deposition of the metal onto its surface. This was 
achieved by coating the top of the ring in a layer of nail varnish ensuring complete coverage 
of all the conductive aluminium was achieved and only the AAO template remained exposed. 
This layer can easily be removed by rinsing in acetone after the electrodeposition stage was 
complete. The underside of the aluminium ring does not require the insulating nail varnish 
and should be left free so as to provide a conductive contact for the working electrode. After 
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this has sufficiently dried, the sample was then secured in a homemade electrodeposition rig, 
as seen in Figure 3.8.  
 
 
Figure 3.8: Schematic diagram of electrodeposition setup including close up of how the AAO 
template is secured. 
 
The electrodeposition rig also used the same sample holder that was initially used in the 
fabrication of the AAO template. In contrast however, this was positioned the opposite way 
around so that the large opening was facing up and could therefore hold the plating solution. 
The template was secured in the same manner as before, making sure that the porous side 
faced up whereas the side with the evaporated metal on, was at the bottom placed against the 
copper washer. A platinum wire counter electrode and a Ag/AgCl reference electrode were 
positioned within the plating solution opening so that they were at a distance of around 0.5 
cm from the template. The wires of these were then attached, along with the working 
electrode, to the potentiostat (Metrohm Autolab PGSTAT30) and operating computer. 
 
Initially ultra-pure water was added to the electrodeposition rig and left for around 30 minutes 
before being removed. This was to wet the pores of AAO template which in turn enabled the 
plating solutions to penetrate the pores more easily when added. This wetting of the pores 
encouraged growth in all the pores simultaneously, therefore allowing much larger and 
uniform areas of deposition (156, 178). Following this, the plating solution was added and 
electrodeposition performed. In this work, both self-made Au thiosulphate-sulphite (179), and 
commercial Au and Ag potassium cyanide, plating solutions were tested. Although the self-
made solution had the advantage of being relatively non-toxic compared with the cyanide 
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based commercial ones, the growths were significantly poorer and the solution more unstable. 
For this reason, commercially produced plating solutions from Technic Inc. were preferred, 
with the subsequent electrodeposition conditions shown in Table 1: 
 
Table 1: Electrodeposition conditions for nanorod growth. 
Material Plating Solution  
(from Technic Inc) 
Dilution from Stock Applied Potential 
(vs. Ag/AgCl)  
Au Orotemp 24 RTU 0 -0.92 V 
Ag Techni Silver 1025 1:5 -1.1 V 
 
Due to the dangers of cyanide-based plating solutions, the electrodeposition had to be 
performed with appropriate protective equipment and thoroughly rinsed with ultra-pure water 
afterwards. The potentiostat and operating software (GPES) were used to both control and 
monitor the deposition. The settings were set to Amporometric thereby allowing a constant 
potential to be applied and the current to vary. The potentials used for each plating solution 
are shown in Table 1 above, as obtained from literature (177), and supported by our own cyclic 
voltammetry tests. By monitoring the charge passed during deposition, an approximation of 
the length of the rods could be made. This control allowed rods of many different AR to be 
produced with the only limit being the length of the pores. Additionally, by alternating the 
metal you deposit, layered Au/Ag nanorods could be fabricated. These require rinsing with 
water, typically around five times, after each deposition to ensure the previous plating solution 
was completely removed and guarantee a sharp boundary between the two metals. This 
process can be repeated as many times as needed to grow the required multi-layered nanorods. 
 
If silver was evaporated as the working electrode followed by gold being electrodeposited 
within the pores, selective etching of the silver substrate was possible. This was performed 
by soaking the AAO template in a nitric acid solution for a few minutes until the substrate 
had visibly been removed, followed by rinsing in ultra-pure water. This resulted in an 
AAO/nanorod composite material whereby the rods were supported within the template but 
were not on a substrate.  By removing the opaque substrate, the composite material 
transmitted light and therefore allowed UV-Vis transmission measurements to be recorded 
for the aligned nanorod array. Alternatively, it was found that if gold was used as the 
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evaporated substrate, a sharp scalpel was capable of scratching off the substrate leaving 
behind the nanorods supported in the AAO, which again showed transmission of light. 
 
On the other hand, if the nanorods were to be removed from the AAO template, the following 
steps were taken. Firstly, the sample was carefully cut from the aluminium supporting ring 
using a sharp scalpel, and stuck onto a section of high purity adhesive copper tape, as typically 
used for SEM. This was performed before the removal of the thick AAO template as if 
attempted after, the thin substrate and nanorod sample lost its rigidity and curled in on itself. 
Alternate supports other than copper could be used by adhering the sample with epoxy resin, 
however care had to be taken that they were compatible with the sodium hydroxide etching 
solution, including any surface oxide layer they may have had. In this work, copper tape was 
the preferred support due to its compatibility with low concentration NaOH and its high 
conductivity, therefore allowing ease of SEM imaging and providing a potentially large 
conductive contact point for any later photocatalytic experiments. 
 
The secured sample was then added to a 0.5 M NaOH solution for 10-12 hours so as to 
selectively etch the AAO template and ensure the alumina was completely removed. After 
rinsing several times with ultra-pure water, the nanorod array could then be imaged by SEM, 
or alternatively have additional procedures performed such as coating with TiO2. A summary 
of the fabrication process for the production of nanorod arrays is shown in Figure 3.9. 
 
 
Figure 3.9: Schematic diagram of fabrication steps for electrodeposition  within AAO 
templates 
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3.4 Methodology for Preparation of TEM Cross Section 
To perform EELS and probe the plasmonic properties of the nanorod arrays, TEM cross 
sections with thin thicknesses (<100 nm) had to be constructed from the larger nanorod array. 
Ideally, it was required that the nanorods were free from the AAO so as to assess the nanorods 
themselves rather than the nanorods embedded in the porous anisotropic alumina. The 
difficulty with this however was that the template provided a lot of support for the nanorods 
when creating such thin sections, and therefore without this they were liable to break.  
 
Initially, focussed ion beam (FIB) milling was used and a lift-out technique applied so as to 
remove a small section of the nanorod array after the AAO template had been etched. 
Although it was found this method largely worked, it suffered from a number of 
disadvantages. Firstly, a layer of platinum was required to be deposited on to the nanorods to 
provide protection during the FIB milling process. This platinum significantly altered the 
environment of the nanorods possibly leading to changes in the plasmonic properties. 
Additionally it was found the sample lost a lot of its strength as the FIB lamella reached 
thinner thicknesses, resulting in the rods and the gold substrate often breaking apart. To avoid 
these effects, the rods were preferably left in the alumina template during FIB milling, and 
then potentially selectively etched away later. Unfortunately however, in contrast to the thin 
film alumina samples in other works, the large thickness of the alumina (~40-50 um) 
prohibited FIB milling of these samples. 
 
To overcome these difficulties, a conventional bulk TEM preparation technique was 
preferred. This is where initially the sample was secured onto a silicon wafer using epoxy, 
and a small section of a few millimetres cut away using an ultrasonic disk cutter (Gatan Model 
601). This was then secured between additional silicon wafers by means of epoxy so two sets 
of nanorods faced inwards. Following this, a 2.3 mm cylinder was removed from the silicon 
block, again using the ultrasonic cutter, and glued within a metal supporting tube. A diamond 
saw was then used to cut thin sections from this cylinder to give 3 mm diameter slices. 
Following this, the thickness of this slice was slowly reduced, initially by means of polishing 
to ~80 um (Gatan Model 623). A dimple grinder (Gatan Model 656) was then used to 
preferentially thin the centre of the disk to around 5 um. Lastly, a precision ion polishing 
system (Gatan Model 691) was used to slowly thin the centre of the dimple at varying angles 
until a hole was formed within the middle. At the edges of this hole the nanorod array was 
thin enough to perform TEM (i.e. <100 nm). 
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Similar to the FIB technique, using a sample whereby the AAO had been removed beforehand 
led to the nanorod array breaking during thinning. On the other hand, retaining the alumina 
template during thinning, enabled the nanorod arrays to maintain their structure. Although 
this led to the nanorod arrays being encapsulated in AAO, by quickly etching in a 0.5 M 
NaOH solution for 4 minutes, the alumina was etched in a number of areas allowing both “in 
AAO” and “without AAO” measurements to be taken by TEM.  
3.5 Methodology for Coating in Titanium Dioxide  
To allow the nanorod array to act as a photocatalytic plasmonic platform, a semiconductor 
was added onto its surface. Titanium dioxide was chosen in this regard due to its widespread 
use and availability. Additionally, although the large band-gap of 3.2 eV for anatase or 3.0 
eV for rutile, limits its applicability in the abundant visible region, it has been shown 
plasmonic nanoparticles may alleviate this (180, 181). A TiO2 coating on the nanorod array 
therefore allows assessment of its photocatalytic abilities, including its potential for 
enhancement via visible light excitation. A more in-depth discussion of these photocatalytic 
aspects is given within Chapter 7, whereas only the methodology is discussed here. 
 
Ideally, it is required that the TiO2 deposition has both a high surface coverage and gives a 
homogeneous layer where the thickness may be accurately controlled. Unfortunately, the high 
surface area and anisotropic geometry of the nanorod array makes this challenging for many 
techniques. On the other hand, atomic layer deposition (ALD) has shown excellent ability to 
coat large surface areas whilst providing a homogeneous coating with accurate control over 
the thickness (182). The principle behind ALD is that two or more precursor gases are 
sequentially pulsed over the sample so they react on the surface. This occurs in a self-limiting 
manner whereby saturation occurs very quickly and growth is restricted to just a single atomic 
layer for each of the different precursor pulses, as seen in Figure 3.10. The unreacted precursor 
gases never come in contact with the other species due to purging with an inert gas between 
each pulse for a set length of time. By repeatedly cycling this process, multiple layers can be 
built up forming thin films (183). Traditionally, high temperatures have been required to ensure 
the precursors react quickly and completely, however, the addition of a plasma allows much 
lower temperatures to be used alongside quicker purge rates. This is known as plasma 
enhanced atomic layer deposition (PE-ALD) (184). A more thorough description of the 
complexities of the ALD process is addressed in a number of review papers (182-184). 
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Figure 3.10: Schematic diagram of a single ALD deposition cycle with precursors A and B. 
The shapes of the reactants highlight the self-limiting surface chemistry (182, 185).  
 
The methodology for the deposition of TiO2 by PE-ALD was as follows. Firstly, the samples 
were cleaned by rinsing in acetone, then isopropanol, followed by plasma cleaning in an O2 
Asher (Emitech K1050X RF Plasma Cleaner) for 15 minutes at 50 W (30 mm O2). The PE-
ALD was then performed in a Cambridge nanotech/Ultratech Fiji 200, operated with a plasma 
power of 300 W (13.56 MHz RF) and a chuck temperature of 150°C. After an initial in situ 
O2 clean, the deposition of the TiO2 was performed using Tetrakis(dimethylamido)titanium 
(TDMAT) and H2O as the precursors. A constant 60 sccm flow of argon was used as the 
precursor carrier, whilst the argon plasma carrier had a flow rate of 200 sccm. A typical cycle 
consisted of an initial 60 ms H2O pulse, then a 30 second wait, followed by a 100 ms pulse of 
TDMAT, again with a 30 second wait. In total 200 cycles were performed before cooling 
under vacuum conditions.  
 
Deposition of the TiO2 was confirmed using X-ray photoelectron spectroscopy (XPS), as seen 
within the results in Chapter 7. It should be noted however that difficulties arose initially with 
high carbon contamination on the surface of the rods following the TiO2 ALD deposition. 
This was believed to be due to the adhesive layer of the copper tape contaminating the sample 
when exposed to the ALD operating conditions. To solve this, the adhesive layer around the 
sample was removed prior to TiO2 deposition by washing repeatedly in acetone until visibly 
gone. The sample was then washed in isopropanol, followed by ultra-pure water. 
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These methodologies allowed the fabrication of well-ordered, high quality nanorod arrays 
over a large area. Additionally, it provides a level of control over the diameter, length and 
spacing of the nanorods by altering the AAO template. These regular spacing’s and the 
potential for large aspect ratio rods are features that other techniques such as the seeded 
growth method find challenging. As shown within the following chapter, these large aspect 
ratios and the strong coupling due to the regular spacing in the array provides unique and 
interesting optical properties. Furthermore, by also using ALD to coat the nanorods in a 
semiconductor, the nanorod arrays may be transformed into a potential photocatalytic 
structure, as in the focus of this work.  
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4 CHARACTERISATION AND 
OPTICAL PROPERTIES 
This chapter will focus on the characterisation of the fabricated structures, including both the 
AAO templates produced, and the subsequent nanorod arrays. The structures produced are 
mainly investigated by means of SEM imaging, however, additional image analysis using the 
MATLAB code Pore Image Processor (186) and Image J (187) software provides quantitative 
results. Following this, the optical properties of the nanorod arrays are investigated by UV-
Vis spectroscopy. Although further analysis of the arrays is achieved using modelling and 
electron energy loss spectroscopy, these results will instead be included within their own 
relevant chapters. 
4.1 Characterisation of AAO Templates 
In the initial attempts at the production of nanorod arrays, commercial AAO templates were 
used in the hope they would allow rapid development of the arrays. The commercialisation of 
the templates is by GE Healthcare under a brand called Whatman®, whereby primarily the 
templates are produced for filter applications. Although quoted pore diameters are as small as 
20 nm, distributed on relatively large membranes up to 47 mm in diameter, the commercial 
templates have a number of drawbacks mainly relating to the size and ordering of the supplied 
product. For instance, although quoted as having pore diameters as low as 20 nm, SEM images 
revealed this was only the case for the very bottom of the pores and the diameter increased to 
much larger values (~190 nm) at greater heights, as seen in Figure 4.1. 
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Figure 4.1: SEM images of a commercial Whatman AAO with quoted pore diameter of 20 nm 
for a) top and b) bottom surface and their respective pore diameter histograms (c,d) 
determined using image processing software. 
 
This variation in the pore diameter along its length is acceptable for use in their primary 
application as filters, where only the minimum pore diameter controls the filter size. When 
used as a template for nanorod growth however, this variation has consequences on the 
morphology of the nanorods produced, as seen in the following section. Furthermore it is seen 
that the ordering of the nanorods is relatively low, with poor roundness and a large variation 
in diameter. 
 
Following these results, it was established that the commercial AAO templates were 
unsatisfactory and therefore the production of self-made AAO templates was required, the 
methodology of which has been outlined previously. Not only did this allow higher quality 
templates to be produced with pore diameters that remained constant throughout the AAO, 
but it also allowed customisation so as to achieve the desired pore diameters and inter-pore 
spacing. 
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This customisation of the AAO templates arises from the ability to control the anodisation 
voltage, temperature, electrolyte, and concentration. Figure 4.2 shows the plan view and 
cross-sectional SEM images for two different two-step mild anodisation (MA) configurations, 
namely that of 0.3 M sulphuric acid at 25 V, and 0.3 M oxalic acid at 40V. These results were 
obtained in collaboration with the University of Siegen, Germany. 
 
 
The above results showed that pore sizes between 23 nm and 32 nm could be produced using 
relatively low voltages. By increasing the voltage, much larger pores could also be fabricated. 
In this scenario however, forced cooling by means of a pump was required to ensure the 
temperatures remained low. To illustrate the effects of higher voltages, the results from a hard 
anodisation (HA) run using 0.3 M oxalic acid at 140 V are shown in Figure 4.3. 
 
  
Figure 4.2: SEM images and pore measurements for left: 0.3 M sulphuric acid at 25 V, and 
right: 0.3 M oxalic acid at 40 V. The images at the top are for a plan view whereas the bottom 
images are cross-sectional views showing the barrier layer. All images are without any pore 
widening. 
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Figure 4.3: SEM images and pore measurements for a hard anodisation using 0.3 M oxalic 
acid at 145 V. The left-hand image is the plan view of the pores whereas the right-hand image 
is a cross-sectional view of the barrier layer. All images are without any pore widening. 
 
Comparing these results to theory and the empirical equations outlined in the previous 
chapter, shows that good agreement is found. For instance, an increase in the anodisation 
voltage in general led to a linear increase in the pore diameter, interpore spacing, and wall 
thickness. The interpore distances in particular matched the calculated values extremely well, 
and were typically within a few nanometres of that expected. This was only the case for the 
mild anodisation runs however, whereas for the hard anodisation run, the distance was less 
than that predicted. Lee et al (188) also found the same to be true in their work and instead 
proposed a 2 nm per volt relationship for interpore spacing under hard anodisation conditions, 
therefore in good agreement with my findings. 
 
Alternatively, in terms of the pore diameter, although an increase in potential led to larger 
pores, there were some discrepancies compared to the values predicted by the empirical 
equations, in that the actual values were somewhat smaller. This was also found in the work 
of Nielsch et al. (189) who concluded that self-ordered pores, such as the ones shown produced 
in this work, instead have their pore diameter related to the anodising voltage by a factor of 
0.83 nm per volt (160). Applying this factor to the experimental data instead of the previous 
value of 1.29 nm per volt (see equation (72)), gave much better agreement. 
 
Lastly, the barrier layer measurements again followed the correct trend for increasing in size 
with potential. On the other hand, although they showed a reasonable agreement with the 
empirical equations, they were often slightly larger than predicted, possibly due to the 
specifics of the anodisation procedure such as the temperature, anodisation time, and acid 
concentration. This had consequences for the pore widening process as slightly longer times 
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than that quoted in literature were required to remove the barrier layer. This removal of the 
barrier layer was integral to the production of nanorod arrays via electrodeposition as it 
allowed the open pores to be attached the conductive working electrode, plus it allowed 
further control over the pore diameter as the pore walls were also simultaneously etched. For 
example, Figure 4.4 below shows the results for a mild anodisation using a 0.1 M phosphoric 
acid electrolyte at 195 V following pore widening for 90 minutes at 37°C in 5 wt% phosphoric 
acid. Initially these settings gave pore diameters of 160 nm, however, after pore widening this 
increased to 370 nm. This result, plus those shown previously, highlights the ability to create 
pores from as small as 23 nm such as when using sulphuric acid, up to nearly 400 nm when 
using 0.1 M phosphoric acid at 195 V with a subsequent pore widening step. 
 
 
Figure 4.4: SEM image of the top of an AAO template created using 0.1 M phosphoric acid 
electrolyte at 195 V and subsequently widened in 5 wt% phosphoric acid at 37°C for 90 
minutes. 
 
Despite the ability to create large pore diameters, this work was focussed on much smaller 
dimensions so that the nanorod arrays could sustain a plasmonic response. Hence, the focus 
was solely addressed to the sulphuric and oxalic acid electrolytes which were capable of 
producing pores less than 100 nm in diameter.  
 
To determine the appropriate length of time required to remove the barrier layer and widen 
the pores to the required level, multiple experiments were conducted whereby AAO templates 
were left in the pore widening solution for varying etching times. The resulting SEM images 
of the barrier layer side using sulphuric acid as the electrolyte at 25 V can be seen in Figure 
4.5 for four different etching times. 
110 
 
  
  
Figure 4.5: SEM images for the barrier layer side of an AAO template produced using 0.3 M 
sulphuric acid at 25 V and widened in 5 wt% phosphoric at 35°C for varying times. The inset 
in the 10 minutes image shows a magnified view of the small pores just after the barrier layer 
is removed. 
 
It can be seen that after 5 minutes of etching, the barrier layer was not removed and instead 
the surface largely still resembled the typical hemispherical capped geometry of the barrier 
layer. It is noted however that some pores were visible in a number of locations. By analysing 
their positions with respect to the hemispherical caps it is found that they usually occur within 
the centre of a hexagonal arrangement, therefore it is believed that these were indeed the first 
few pores to have their barrier layer removed. In other cases however, the pores were seen to 
occur not in a hexagonal arrangement, but in lines in between the hemispherical caps. These 
were instead most likely due to defects in the film that are most prominent along grain 
boundaries.   
 
Following 10 minutes of etching the results changed considerably. Here it was found that all 
of the pores have had their barrier layer removed and remained fairly small in diameter. This 
removal of the barrier layer would allow electrodeposition through the pores at this stage and 
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therefore 10 minutes was around the minimum length of time that pore widening needed to 
be performed for the sulphuric acid AAO templates. Despite this, it can also be seen that there 
is a large variance in the pore diameters, with certain pores significantly larger. These are 
most likely the pores that had their barrier layer removed after 5 minutes and subsequently 
carried on growing. On the other hand, after 15 minutes the pore diameters were much more 
even in size suggesting that the pore widening rate slowed slightly following removal of the 
barrier layer. In addition, the pores are now all clearly visible and well-ordered. Considering 
this result, 15 minutes represents a preferential etching time to achieve homogeneous growth 
of nanorods. Extending this to 20 minutes once again widened the pore diameters in a 
relatively even manner, therefore providing the option to have larger diameters if required. 
With continued etching however, the pores would eventually intersect and the stability and 
ordered arrangement may be lost.  
 
The SEM images of the barrier layer side, as shown in Figure 4.5, were analysed by means of 
Image J and the Matlab Pore Image Processor software (186). Additionally, the top side of the 
AAO template was also imaged and analysed in the same manner. This allowed quantitative 
results to be obtained, as plotted in Figure 4.6.  
 
 
Figure 4.6: AAO pore diameters for both the top and barrier layer side with pore widening 
etching time. The AAO was produced using a 0.3 M sulphuric acid electrolyte at 25 V.  
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Figure 4.6 shows a number of trends. As expected, with increasing etching time the diameter 
of the pores also increases. For the top side of the AAO template this widening occurred in a 
linear manner, giving diameters from 25 nm for 0 minutes, up to 38 nm for 20 minutes. In 
contrast for the bottom side, the barrier layer was not fully removed until around 10 minutes 
of etching. At this point the pore diameters averaged around 23 nm, therefore being very 
similar to the values seen prior to etching. This may signify that the pores had in general only 
just opened and further widening was yet to commence. In contrast, the pores at the top of the 
film had widened by around 6 nm at this point, and therefore it may be expected that this 
increase should have occurred over the entire length of the pore. The reasoning behind this 
difference is twofold. Firstly, it is noted that during the production of the AAO template, the 
top of the film may have become slightly wider than that at the bottom due to it being in 
contact with the acid electrolyte for long periods of time and therefore undergoing dissolution 
(160). Additionally, for pore widening, the templates are placed in the phosphoric acid solution 
with their top surface face down so that the barrier layer was completely exposed to the 
etchant. This may mean that air that was within the pores was unable to escape until the barrier 
layer was removed, therefore inhibiting the region further down the pores to be widened at 
the same rate. Despite this, it was noted that with further pore widening the diameter of the 
pores at the top and bottom of the film increasingly became similar in magnitude. 
 
The above experiments were for the case of using sulphuric acid in the anodisation procedure. 
For templates made with oxalic acid, similar trends were observed, although longer times of 
around 30 minutes were required to ensure complete removal of the barrier layer and achieve 
relatively homogeneous pores. This is expected as the higher potential of 40 V used for the 
oxalic acid anodisation makes the barrier layer proportionally thicker. Etching the oxalic acid 
templates for 30 minutes led to pores around 60 nm in diameter, however, larger sizes could 
be produced if necessary. For example, by carefully controlling the pore widening time, 
templates with pores as high as 80 nm were fabricated using oxalic acid templates, as seen in 
Figure 4.7. Alternatively sulphuric acid templates were successfully widened for 40 minutes 
to give pores around 50 nm in size. 
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Figure 4.7: SEM images for the top surface of AAO templates using various electrolytes, 
voltages and pore widening times.  
 
These results highlight that the AAO templates produced are capable of being customised to 
give a large variety of diameters that would be suitable for growing a plasmonic nanorod 
array. In addition however, it should be noted that the pore widening process not only allows 
control over the diameter, but also dictates the wall thickness of the pores. This is crucial as 
the spacing between the nanorods (edge to edge) will be directly equal to twice the wall 
thickness, and therefore this will determine the degree of coupling. For example, in the pre-
widened templates shown previously in Figure 4.2, the spacing would be 50 nm and 68 nm 
for sulphuric and oxalic acid electrolytes respectively. Alternatively, after significant 
widening such as those in Figure 4.7, these spacing are reduced down to 14 nm and 24 nm 
respectively, therefore allowing the inter-rod coupling strength to be controlled.  
4.2 Characterisation of Nanorod Arrays 
The fabricated AAO membranes shown in the previous section were used as templates during 
electrodeposition to grow ordered nanorod arrays. The aim was that the nanorods grown 
should have a high quality whereby they are well ordered, have equal dimensions in terms of 
their aspect ratio, diameter and spacing, and lastly that they are grown in all of the pores of 
the template thereby providing a large deposition area that may be used for subsequent 
experiments. Within the following section, it will be shown that the following criteria were 
met and that high quality nanorods were produced. All nanorods and substrates shown were 
produced from gold and had the AAO template removed unless stated otherwise. 
 
In addition to the above, to further understand the plasmonic properties of the arrays, it was 
required that certain elements of the array be varied such as the aspect ratio, spacing, and 
diameter. This allowed the ability to assess how these parameters affected the plasmonic 
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properties of the array, and therefore determine configurations that may be suitable for taking 
forward into photocatalytic experiments. This section will outline the nanorod arrays 
produced, showing that excellent control over the geometry was achieved as determined via 
analysis using a combination of SEM, Pore Image Processor software (186), and Image J (187). 
The optical properties of the arrays are then also outlined, obtained via UV-Vis spectroscopy 
with an integrating sphere. As explained later, this allows specific determination of the 
absorption and scattering from the arrays, therefore probing the optical properties in detail. 
4.2.1 SEM Analysis of Nanorod Arrays 
Firstly, the nanorod arrays that were initially grown in the commercial Whatman templates 
were analysed, as seen in Figure 4.8. Here the images on the left refer to nanorods produced 
using the Whatman templates that were quoted as having a pore diameter of 200 nm, whereas 
the images on the right are for nanorods produced using the Whatman templates quoted as 
having a pore diameters of 20 nm. Both of the images at the bottom of Figure 4.8 were taken 
with the sample tilted so as to better see the long axis of the rods. 
 
 
 
Figure 4.8: SEM images of the nanorod arrays produced using Whatman AAO templates. 
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Studying the above images it can be seen that for both AAO templates, nanorods were 
successfully produced. For the 200 nm nominal diameter templates, although the bulk of the 
nanorods formed were solid, there are many that appeared hollow towards the centre and 
therefore represented nanotubes. These nanotubes typically form in pores when nucleation on 
the walls is encouraged, such as with a conductive layer. With further deposition, the walls of 
the nanotubes typically grow until eventually they join and form solid nanorods (190). One 
possible explanation why both nanorods and nanotubes are formed when using the large 
diameter Whatman template is that during evaporation of the gold substrate, the gold is unable 
to fully cover the open pores and instead goes inside the pores coating the walls. This method 
has in fact been shown as a potential method to fabricate nanotubes without subsequent 
electrodeposition, as seen in the work of Dickey et al. (191). On the other hand, the nanorods 
formed were therefore located either in pores that have had their bottom completely covered 
during the evaporation procedure, or where the walls have grown sufficiently to give solid 
rods. This hypothesis for the production of nanotubes was further supported when analysing 
the dimensions of the nanorods. It was seen that although a 200 nm nominal diameter is given, 
in fact the nanorods were much larger than this, equalling nearly 300 nm. This would therefore 
have further encouraged the evaporated gold to go inside the pore walls and promote 
formation of nanotubes. Additionally, it can be seen that although these nanorods have large 
diameters, the spacing between them was relatively small at ~40 nm. The nanorods also 
appear to have smooth surfaces and are well distributed, with deposition occurring in all pores. 
This is encouraging as it shows that high quality nanorods were produced. Despite this, the 
large diameters of 300 nm are far from ideal for plasmonic applications and therefore much 
smaller diameter nanorods needed to be produced.  
 
As a result of this, the 20 nm nominal diameter Whatman AAO templates were also initially 
employed, as seen in Figure 4.8. As discussed in the previous section, the pores of these 
templates varied greatly along its length from around 20nm towards the bottom of the 
templates, to 190 nm at the top. This change in morphology was therefore also reflected in 
the nanorods produced whereby they had relatively large diameters averaging 185 nm, which 
break down towards the bottom into a root-like structure with diameters typically less than 60 
nm. This feature greatly disordered the array and gave an undesired inhomogeneity to the 
rods. Furthermore, the spacing seen between the nanorods, calculated between the more 
prominent larger diameter sections, was relatively high at nearly 200 nm. At these distances 
it was unlikely that any strong inter-rod coupling would occur, and this therefore would hinder 
its plasmonic properties. On the other hand, once again the majority of the pores in the 
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template were filled and the lengths of the rods were relatively similar. Despite this, it is 
apparent that the commercial Whatman templates were, as suspected, unsuitable for 
producing plasmonic nanorod arrays and instead homemade AAO templates were required. 
 
As previously stated, it is important that the deposition within the AAO templates covers large 
regions (several mm2) so that subsequent experiments could be performed such as the 
photocatalytic ones described in Chapter 7.  It was found that this was capable of being 
achieved in the homemade AAO templates shown in Figure 4.9. Here the inset shows a 
template before and after deposition of gold with the deposited area clearly turning red due to 
the plasmonic properties of the nanorods.  
 
 
Figure 4.9: SEM image showing widespread deposition in pores of homemade AAO template 
over large areas. The inset shows a picture of typical templates before and after deposition 
where the colour changes from gold to red due to the plasmonic properties of the gold. The 
green around the outside is the nail varnish used to insulate the aluminium supporting ring. 
 
This high degree of deposition, whereby the vast majority of pores were filled, was achieved 
by wetting the pores before deposition, as outlined in Chapter 3. It was further found however, 
that in addition to this, the best depositions occurred in templates that had a high quality 
117 
 
substrate evaporated on to them at a slow rate (0.1-0.2 nm/sec), and those that had their barrier 
layers evenly etched. Additionally, it was also found that more homogeneous growth occurred 
if the electrolyte was allowed to sit for a minute in the template before deposition, and when 
the open circuit potential remained constant (typically at around -0.07 V) , indicating no leaks 
or exposed aluminium was present.  
 
The homogeneous growth mentioned above was crucial when growing short nanorods. This 
is because the deposition was performed for only a small time period, and therefore if 
nucleation did not occur in all pores simultaneously, certain pores may be left without any 
growth. This would result in them appearing as gaps in the array and disrupt its periodicity. 
Similarly, if nucleation occurred but the growth rate varied between pores, this would result 
in nanorods that are not of uniform length. The difference in the length of the rods was much 
more significant compared to the total length of the rods when aspect ratio was small, leading 
to relatively larger variance. Despite these difficulties, homogeneous growth of short 
nanorods was achieved over large areas with only occasional defects. This is summarised by 
the SEM images in Figure 4.10 for nanorods with AR’s produced between one and four.  
 
  
  
Figure 4.10: SEM images for short nanorod arrays with aspect ratios between 1 and 4. 
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Figure 4.10 shows that good control was achieved over the size of the nanorods produced, 
allowing aspect ratios as small as one to be fabricated. In all cases, the lengths of the nanorods 
were reasonably uniform with lengths deviating in general by no more than 25% of the total 
length. Although it was apparent that some pores did not have growth within them, as clearly 
seen in the images of aspect ratio of one and two, the vast majority of pores have been utilised. 
In contrast to the previously shown depositions within commercial templates, the nanorods 
produced in the homemade AAO templates had much smaller diameters and remained even 
throughout their length. Additionally, a high degree of order is apparent, with a hexagonal 
arrangement recognisable, as represented in Figure 4.11 for a plan view image of the array. 
 
 
Figure 4.11: SEM image for a nanorod array with the hexagonal ordered arrangement 
highlighted by the drawn lines.  
 
One of the benefits of using templated electrochemical deposition is that much longer aspect 
ratios can be produced compared to other fabrication techniques, such as the seeded growth 
method. This gives the ability to have much greater control over the resonance position due 
to its strong dependence on the aspect ratio. In addition to the above short nanorod arrays 
(AR<5), arrays with longer lengths were produced (AR 5-10). This was simply achieved by 
allowing the deposition to run for longer time periods, and therefore, more charge to pass. 
These arrays for aspect ratios of 5, 7 and 9 can be seen in Figure 4.12 whereby the left-hand 
image is in plan view and the right-hand image is with the sample tilted. It can be seen that a 
major difference occurred for these longer nanorods than for the shorter rods previously 
shown, whereby the top end of the nanorods appeared to coalesce. As the base of the rods is 
fixed, this resulted in many of the nanorods being no longer vertical but instead being bent 
towards each other. This effect was due to surface tension (capillary forces) during drying 
following removal of the template by wet-chemical etching (134, 192, 193).  
119 
 
 
 
 
Figure 4.12: SEM images of nanorod arrays produced with aspect ratios of 5, 7 and 9. The left-
hand images show the plan view whereas the right-hand images are with the sample tilted. 
 
Discussing the aggregation of the nanorods in more detail, Hill et al. (193) explained that this 
occurs when the water level during drying drops to levels below the tips of the nanorods. At 
this moment, the meniscus between two nanorods either has an attractive force, or a repellent 
force, that causes the nanorods to bend towards those adjacent. This only occurs however 
when this force is greater than the tensile strength of the rod, which is why no agglomeration 
was seen for the larger 185 nm diameter nanorods with an aspect ratio of ten, as shown 
previously in Figure 4.8. On the other hand, if the diameter and spacing is small enough, or 
the AR is sufficiently large, the surface tension forces will act to plastically deform the 
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nanorods together. Additionally, if this was done to the point whereby the nanorod ends touch, 
further van der Waals or surface energy forces act to keep them together following drying.  
 
As can be seen in Figure 4.12, the onset of the agglomeration for the nanorod diameters and 
spacing’s typically used within this work, was around an aspect ratio of five. At this point, 
some of the slightly shorter nanorods were free standing, however, the longer nanorods 
agglomerated. As the aspect ratio was increased, such as in the AR=7 and AR=9 images, the 
agglomeration became more apparent and very few nanorods were left free standing. This has 
negative consequences as it reduces the periodic nature of the array and creates an uneven 
spacing between the rods. Although a number of techniques have been shown to be able to 
stop this agglomeration, such as that of drying within an electric field (193) or supercritical fluid 
drying (192), the scope of these methods was beyond this work. 
 
It should be noted that the agglomeration was only prominent following the removal of the 
AAO template. In contrast, before etching of the template the nanorods stayed evenly spaced 
including those with high aspect ratios. This is beneficial as it allowed determination of the 
optical properties for non-agglomerated nanorods, therefore allowing better comparison both 
with smaller aspect ratio nanorods, and with other high aspect ratio rods. This distribution of 
the nanorods in the AAO could be seen by taking a flake of the sample and mounting it 
vertically in the SEM, as seen in Figure 4.13. This allowed the nanorods, substrate, and the 
supporting AAO to be viewed simultaneously, whereby it could be seen that the pore channels 
and subsequent nanorods grown within them were straight and separated only by the thickness 
of the AAO wall. Incidentally, this method also allowed the accurate determination of the 
height of the rods, and was therefore used throughout this work to measure the lengths. 
 
 
Figure 4.13: Cross-Sectional SEM image of nanorods supported in AAO template. 
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As discussed in Chapter 2, nanorod arrays with strong inter-rod coupling often have unique 
optical properties, such as a coupled mode, that only becomes apparent for very long 
nanorods. For this reason, nanorods with aspect ratios greater than 10 were also fabricated, 
such as that seen in Figure 4.14. Here the aspect ratio of the rods was around eighteen with a 
gap size, measured between the walls of adjacent rods, of 44 nm ± 4.8. Once again it can be 
seen that without the AAO, the rods agglomerated together, however within the template they 
were well separated. 
 
 
Figure 4.14: SEM images showing long nanorods with AR=18 including a cross sectional view 
to enable accurate measurement of the lengths. 
 
So far the bulk of the results have focussed on the high degree of control that may be achieved 
on the aspect ratio, achieved by performing electrodeposition for varying lengths of time. In 
addition to this however, the spacing between the rods was also a critical feature and may too 
be controlled by careful adjustment of the template. For instance, Figure 4.15 shows a number 
of nanorod arrays with the spacing varied from fifty nanometres down to ten. This was 
achieved by pore widening the AAO templates for different time periods.  
 
 
122 
 
  
  
Figure 4.15: SEM images showing the ability to control the spacing of the nanorod arrays. 
 
Lastly, in addition to the geometrical factors already outlined, the material deposited may also 
be altered. The above has so far focussed on the deposition of gold due to its stability and 
resistance to oxidation, however, other metals such as silver can readily be deposited. This 
can be done either singularly, or the electrolyte may be periodically alternated to grow multi-
material nanostructures, aptly named barcode nanorods due to the difference in contrast seen 
between the metals in SEM images. An example of one of these multi-material nanorod arrays 
is shown in Figure 4.16 whereby a 20 nm Whatman AAO template was used with gold 
deposited first, followed by silver. The distinct boundary between the metals was apparent, 
and by performing EDX, the presence of the two metals was confirmed.  
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Figure 4.16: SEM image of Au-Ag multi-material nanorod array grown in a Whatman 20 nm 
commercial template (left), and accompanying SEM-EDX layered image highlighting the two 
materials (right). 
4.2.2 Optical Properties of Nanorod Arrays 
The optical properties of the nanorod arrays were investigated by means of UV-Vis 
spectroscopy using an additional integrating sphere module. The integrating sphere is a 
versatile tool that is particularly useful for highly scattering or reflective samples. In previous 
work (132, 134, 194), the optical properties of nanorod arrays has been collected from transmittance 
data and expressed as the optical extinction. Due to the high reflectance and diffuse scattering 
from the samples however, the reduction in transmission measurements could not be solely 
attributed to absorption by the array. Within this work, the use of the integrating sphere in a 
number of different configurations allowed the determination of the nanorod arrays optical 
properties, including the absorption. The principle behind the integrating sphere along with 
an outline of the possible configurations is shown within Figure 4.17. 
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Figure 4.17: Schematic diagram of the 150 mm integrating sphere. The numbers 1-4 represent 
possible positions the sample may be placed and the resultant optical properties they probe, 
as discussed within the text. 
 
An integrating sphere consists of a highly reflective hollow sphere with a number of ports to 
allow light to enter or exit. The light inside the sphere undergoes multiple reflections off the 
walls so that a constant radiance (radiant flux density per unit solid angle) is achieved. A 
detector is also placed within the sphere, however a reflective baffle restricts it so that it is not 
directly illuminated from the primary light but only from the reflections. The homogeneous 
radiance within the sphere then dictates the total flux that is incident upon the detector. This 
in turn can then be related to the total radiance over the sphere surface by accounting for 
factors such as the diameter of the sphere and the fraction of the surface occupied by ports. 
 
The accuracy of an integrating sphere is reliant on the ability of the surface coating to be 
reflective over all the experimental wavelengths. For this reason, Spectralon® is typically 
used which shows exceptional reflectance over the wavelength range 200-2500 nm. 
Additionally, the sphere size must be large enough so that the ports do not occupy too much 
of the sphere’s surface area. Both of these factors were accounted for within these experiments 
by using a Perkin Elmer Lambda 1050 UV-Vis equipped with a large 150 mm integrating 
sphere.  
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The benefit of using an integrating sphere for optical measurements is due to its versatility in 
measuring various properties of the sample by altering the configuration used, as shown in 
Figure 4.17. For example, if the sample transmits light, transmission measurements may be 
performed. In configuration one, the sample is placed a large distance from the integrating 
sphere, or within this specific case even a standard detector, meaning the scattered light from 
the sample does not reach the detector, and instead only the directly transmitted light is 
measured. This results in the attenuation of the signal being related to both the absorption and 
scattering of the sample, therefore giving the optical extinction.  Under this setup, a Perkin 
Elmer Solid Sample Variable Angle Holder (P/N B0152471) was utilised allowing accurate 
control of the sample angle between 0 and 60° with respect to the incident beam.  
 
On the other hand, by placing the sample in the in-built transmission sample holder at the 
sample beam entrance port, as in configuration two, the absorption of the sample may be 
measured. This is due to the scattered light being directed into the integrating sphere, and 
therefore contributing to the radiant flux on the detector. Unfortunately, this configuration is 
only applicable to samples placed normal to the incident beam as it must be ensured that all 
scattered radiation enters the sphere. A solution to this problem is to mount the sample inside 
the integrating sphere using the Perkin Elmer Centre Mount Sample Holder (P/N PELA9039). 
Under this third configuration, all the scattered and transmitted light is collected by the sphere 
and therefore the attenuation of the signal can directly be related to the absorption of the 
sample at varying angles of incidence. 
 
Lastly, if the samples are opaque, the integrating sphere may also be used in reflectance mode, 
as represented by configuration four. By replacing the Spectralon reflectance standard with 
the sample, light that is reflected from the sample is gathered by the sphere and contributes to 
the radiant flux on the detector. Additionally, this rear sample holder is positioned at an angle 
of 8° with respect to the incident beam, thereby directing the specular reflected light on to 
either a light trap or a Spectralon reflectance standard. In the first case, the specular 
component of the reflected light is captured therefore eliminating any back reflection and 
resulting in only the diffuse reflectance being measured. On the other hand, in the second 
case, all the reflected light is re-radiated thereby measuring the total reflectance of the sample.  
 
In the analysis of the nanorod arrays, the above configurations were used to identify their 
optical properties, the results of which are outlined below. Firstly, the extinction of the 
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nanorod arrays was investigated for three different aspect ratios, namely short nanorods 
(AR=3), medium nanorods (AR=7), and long nanorods (AR=18) using unpolarised light at 
both 0° and 20° angle of incidence. In these experiments the nanorods were left within the 
AAO template so as to prevent agglomeration of the rods, however the opaque backing was 
removed thereby allowing transmission of light. With regards to the dimensions of the arrays, 
both the long and medium aspect ratio nanorods were produced in sulphuric acid AAO 
templates, however they were pore widened for varying lengths of time. In contrast the short 
aspect ratio nanorods were produced in an oxalic acid AAO template. The diameters and 
spacing for each of these nanorod arrays are summarised in Table 2 below, whereas the 
respective extinction spectra are shown in Figure 4.18. 
 
Table 2: Diameter and spacing of the arrays analysed by UV-Vis spectroscopy 
Name AR Diameter Spacing 
Short Nanorods 3 62 nm 40 nm 
Medium Nanorods 7 46 nm 22 nm 
Long Nanorods 18 32 nm 44 nm 
 
The results in Figure 4.18 show a number of interesting points. Firstly, for all aspect ratios, a 
peak is seen both at 480 nm and 540 nm. The peak at 540 nm is due to the transverse mode 
of the nanorods, and appears at both 0° and 20°. Furthermore, although difficult to visualise 
within the spectra, it is noted that with increasing diameter the peak red-shifts slightly from 
approximately 537 nm to 542 nm and appears to broaden. These observations fit with those 
found within the literature review for nanoparticles with increasing diameter (58). Similarly, 
this slight shift in the transverse wavelength may also be due to the theoretical small blue-
shift seen as the aspect ratio of the nanorods increases (59). 
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Figure 4.18: Extinction data for nanorod arrays in AAO with varying aspect ratios and at 0° 
and 20° angle of incidence. Unpolarised light was used for all measurements shown.  
 
In contrast, the origin of the peak seen at 480 nm is difficult to explain as it occurred at around 
the same position for all angles of incidence tested. Although initially believed to be due to 
interference effects from the thick AAO template, subsequent analysis later on suggested that 
this is not the case. This is discussed in more detail later within this section. 
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Another prominent result from Figure 4.18 is the lack of a longitudinal peak at higher 
wavelength than that of the transverse mode for all conditions except the AR=18 nanorod at 
20°. This was confirmed by performing additional scans up to a wavelength of 2000 nm and 
noting that no discernible peak was observed. Based upon an isolated rod, it would be 
expected that a longitudinal peak occurs for all non-zero angles of incidence, which for the 
AR=3 rods would occur within the visible spectrum, and for the longer aspect ratios, would 
red-shift into the infra-red. The reasoning why no longitudinal peak was seen however for 
both the AR=3 and the AR=7 nanorod arrays is due to their unique optical properties. 
 
As discussed within Chapter 2, the longitudinal mode for an isolated nanorod red-shifts 
linearly with increasing aspect ratio. When arranged in a side by side array however, this 
longitudinal mode splits into both a blue-shifted bright mode and a red-shifted dark mode, the 
degree of which is dependent on the inter-rod coupling strength. As previously discussed, this 
coupling strength increases for a decreasing particle separation and lower refractive index of 
the surrounding medium. Within these experiments, the relatively small spacing resulted in a 
strong inter-rod coupling strength. For both the small and medium aspect ratio nanorods this 
was strong enough to blue-shift this coupled mode into that of the transverse mode, meaning 
only one peak was apparent in the spectra. Alternatively, at an aspect ratio of 18, although it 
is also blue-shifted significantly from the position of the isolated longitudinal mode 
wavelength, the longer aspect ratio sufficiently red-shifts the coupled mode away from the 
transverse mode, to instead give a separate peak within the visible region. 
 
To confirm the higher wavelength peak seen for the aspect ratio of 18 nanorods is indeed the 
blue shifted coupled mode, a number of further investigations were carried out. For example, 
theory predicts that the coupled mode may only be excited at an angle of incidence greater 
than zero using p-polarised, and not s-polarised light. This is due to its origin being from that 
of the longitudinal mode, therefore requiring an E-field component along its long axis. As 
seen previously in Figure 4.18, using unpolarised light, which included contributions from all 
polarisations, the mode was only excited for the 20° angle of incidence and not for 0°, 
therefore supporting the conclusion that this was indeed the coupled mode. Additionally, by 
using a Glan-Thompson polariser supplied from Perkin Elmer (P/N B050-5284), the 
polarisation of the incident light could also be controlled. As seen in Figure 4.19, using an 
angle of incidence of 20°, but varying the polarisation, results in the coupled mode being 
excited only for p-polarised light. Once again this supports theory and gives increased 
confidence to the origin of this mode.  
129 
 
 
Figure 4.19: Extinction data for a nanorod array with AR=18 at 20° angle of incidence for S 
and P polarised light.  
 
This polarisation dependence can also be viewed in greater detail by performing a polarisation 
scan whereby the wavelength is kept constant and the polarisation angle is varied between 
10° and 330°. Here a polarisation of 0° and 180° represents s-polarised light, whereas 90° and 
270° is for p-polarisation. The results of this can be seen in Figure 4.20 using a constant 
wavelength and angle of incidence of 660 nm and 20° respectively.  
 
 
Figure 4.20: Polarisation scan of nanorod array with AR=18 at a wavelength of 660 nm and 
angle of incidence of 20°. In this figure, 0° and 180° represent the light being completely s-
polarised, whereas 90° and 270° represents the light being completely p-polarised.  
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As with the previous results, Figure 4.20 shows the dependence of the coupled modes on the 
polarisation of the incident light. At both 90° and 270° the incident lights polarisation was 
completely p-polarised and consequently a maximum in the extinction of the coupled mode 
was seen. On the other hand, as the polarisation angle shifts towards either 0° or 180°, it 
increasingly had more s-polarised components resulting in a decrease in the extinction. 
 
In addition to the above, the dependence of the coupled mode on the angle of incidence using 
p-polarised light was also studied, as summarised in Figure 4.21. It was seen that as the angle 
of incidence increases from 0° to 10°, the coupled mode began to appear as a shoulder on the 
side of the transverse peak. At 20° this had developed into a standalone peak with a maximum 
at approximately 660 nm. Beyond this angle of incidence however the coupled mode appeared 
to significantly broaden. This broadening above a certain angle of incidence was also found 
by Kullock et al. (195) in their retarded dipolar interaction model (DIM). On the other hand, in 
works (132, 134, 194) that have measured the nanorod array extinction with angle of incidence 
using thin film AAO templates (<1 μm), this broadening was not as apparent. The thick 
(approximately 40 μm) AAO templates used throughout this work therefore may also have 
contributed to the broadening of the peaks. Due to this broadening, it is difficult to determine 
if the resonant wavelength of the peak shifted with angle of incidence, as found by Atkinson 
et. al. (132) for similar arrays. 
 
 
Figure 4.21: Extinction data for a nanorod array with aspect ratio of 18 using p-polarised light 
at varying angles of incidence. 
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So far the analysis of the nanorod arrays has focussed on the optical extinction, however, as 
described previously, the use of an integrating sphere also allows the absorption of the arrays 
to be determined. Here, the samples were placed within the integrating sphere using a centre 
mount accessory, as in configuration three of Figure 4.17. The absorption by the long 
nanorods of aspect ratio 18 at varying angles of incidence and using p-polarised light is shown 
in Figure 4.22.  
 
 
Figure 4.22: Absorption data for a nanorod array with aspect ratio of 18 using p-polarised 
light at varying angles of incidence. 
 
Although a direct quantitative comparison of the extinction and absorption values was not 
possible due to the sample being positioned in a different location, the upmost effort was 
taken to ensure the same sample area was illuminated in both configurations. This therefore 
allowed a qualitative comparison and a general assessment of how the peaks varied. From 
Figure 4.22 it is immediately clear that the absorption values were significantly less than the 
extinction values shown in Figure 4.21. This suggests that, at least for the geometrical 
parameters of this nanorod array, scattering dominates over absorption. Additionally, the 
transverse mode has a relatively sharp peak relating to strong absorption whereas the coupled 
mode is weak and broader in comparison. Modelling results shown in the following chapter 
support this finding that scattering is dominant for the coupled mode, however, this was only 
true for long aspect ratio arrays. Interestingly, the peak at 480 nm was also evident within the 
spectra therefore signifying that this is not due to scattering or reflection from AAO template. 
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The optical data presented so far focusses exclusively on nanorod arrays that are still 
embedded within the AAO template and which have had their substrate removed so as to 
perform transmission measurements. Despite this, it is also worthwhile to study the typical 
optical properties of the arrays themselves that may be taken forward into photocatalytic 
experiments, whereby a 150 nm substrate was present and the templates are removed. As 
these samples are opaque, transmission measurements could not be performed and instead the 
optical properties were derived by reflectance measurements. This is shown in Figure 4.23 
for a gold nanorod array (AR=9) at 8° as compared to a blank gold substrate using a total 
reflectance configuration. As can be seen, the nanorod array showed distinct differences from 
that of the bare gold substrate, with in particular a substantial reduction in reflectance seen 
around 540 nm relating to that of the transverse mode. In contrast, the coupled mode was not 
visible, possibly due to it either being blue-shifted into the transverse peak, or alternatively it 
having been too weakly excited at the 8° angle of incidence used. Additionally, it is also 
interesting to note that the minimum in reflectance of the gold substrate was at 480 nm, 
therefore matching that of the unknown peak seen in the transmission data. As primarily the 
substrates were removed from the samples via scratching with a sharp scalpel, it was possible 
that small fragments were not completely removed and instead contributed to the peaks 
observed.  
 
 
Figure 4.23: Reflectance data for a bare gold substrate and a supported gold nanorod array 
at 8° angle of incidence using unpolarised light.  
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Lastly, by replacing the Spectralon® reflectance with a light trap, the diffuse reflectance may 
also be examined. This is shown below in Figure 4.24 for a supported nanorod array of 69 nm 
in diameter with an aspect ratio 2.3. It can be seen that the diffuse reflectance accounts for the 
majority of the reflection from the array and that in turn, the specular reflectance is very low.  
 
 
Figure 4.24: Reflectance data for a supported gold nanorod array at 8° angle of incidence 
using unpolarised light considering both diffuse reflection and total (diffuse + specular) 
reflection. 
4.3 Summary of Results 
In summary, a number of the aims and objectives as outlined within Chapter 1 were 
successfully met. Firstly, it has been shown that high quality porous alumina membranes have 
been produced. This was achieved with good control over their size, separation and 
arrangement, therefore allowing them to be used as templates in the growth of nanorod arrays. 
In respect to this, it has also been shown that nanorod arrays can be produced over large areas 
within these templates whereby the diameter and spacing is controlled accordingly. 
Additionally, by varying the electrodeposition time, the aspect ratio of the nanorods was 
further controlled. This has allowed nanorod arrays to be produced with a large range in the 
aspect ratio, limited only by the size of the template. Finally, the far-field optical properties 
of the nanorod arrays have been determined by using UV-Vis spectroscopy, including 
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information on the extinction, absorption and reflection, derived via the use of an integrating 
sphere. This led to interesting optical properties of the nanorod arrays being determined 
whereby strong coupling between the nanorods leads to the longitudinal mode splitting into a 
blue-shifted mode. At short aspect ratios this is generally overlapped with the transverse 
mode, however it has also been shown that at longer aspect ratios, this red-shifts away to form 
a stand-alone mode within the visible spectrum. Further analysis of these interesting optical 
properties is covered within the following modelling and EELS chapters in the hope of 
gaining a greater insight. 
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5 MODELLING OF 
PLASMONIC RESONANCES 
5.1 Aims of Modelling 
The fabrication of the nanorod arrays studied in this thesis can be a very difficult and time 
consuming process, furthermore their subsequent characterisation can also prove to be 
challenging. To aid understanding and provide a means of analysing the plasmonic 
resonances, modelling techniques can prove to be very useful. For instance, modelling offers 
the ability to quickly experiment with variables in a system and produce both qualitative and 
quantitative data on the influence of its parameters. In addition, modelling allows you to test 
idealised and simplified systems that would otherwise be impossible to fabricate, and 
therefore probe the underlying fundamental physics. Specifically for this research, the main 
modelling objectives can be split into three distinct sections: 
 
1) Firstly, a simplified system is addressed, consisting of isolated nanospheres or nanorods in 
a homogeneous medium. As the plasmonic response of nanospheres has a rigorous solution 
via Mie Theory, the modelling of these systems allows a comparison of the solutions and 
hence aims to validate the model. Additionally, the modelling of nanorods in a homogeneous 
environment provides an understanding of how the optical properties are affected by certain 
variables such as their size, geometry and environment. This fundamental knowledge assists 
in the analysis of the work in this thesis, and provides objectives during the fabrication of 
nanorods in order to optimise the plasmonic response. 
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2) Following on from the initial validation of the model and the subsequent analysis of basic 
plasmonic systems, the modelling of more interesting plasmonic properties is covered. 
Specifically this focusses on the affect that coupling has on the plasmonic resonances. This 
coupling is concerned with both particle-particle interactions and particle-substrate 
interactions, with the aim of analysing how the presence of each can alter the plasmonic 
properties of nanorods in a supported array. 
 
Beginning with particle-substrate coupling, the interactions of a sphere with a dielectric and 
metallic substrate is analysed, before expanding into the more relevant but complex nanorod 
geometry. The nanorods are placed vertically on the substrate so as to compare with the 
electrodeposited nanorods fabricated within this work. The modelling is then directed towards 
coupling between multiple nanorods. This also aims to match the electrodeposited nanorods 
fabricated, and therefore focusses on nanorods stood in a side-by-side orientation whereby 
the long-axis of the rods are parallel to each other. Although initial modelling is performed 
for finite arrays of nanorods, this is expanded into infinite periodic arrays so as to truly 
represent the coupling that occurs over a large scale. This concludes with the analysis of 
nanorods that are both in an array and on a substrate. The inclusion of both types of coupling 
aims to give a direct representation of the fabricated plasmonic arrays produced in this work 
with the hope of understanding and optimising the interactions that occur. 
 
3) Lastly, I develop a model to simulate electron energy loss spectroscopy (EELS) 
experiments with the aim to help support the characterisation of the nanoparticles studied in 
this work. Furthermore, I hope the model will prove useful in analysing other fabricated 
nanoparticles and provide a means to test plasmonic responses at a fraction of the time and 
cost of EELS experiments. In addition, due to an electron beam being used within these EELS 
experiments to excite the plasmons, the point source means that it is possible to excite dark 
modes of the nanorod arrays that cannot be excited using the more typical plane wave 
approach. It is hoped this will provide a better understanding of the EELS experiments and 
aid in the data analysis. As this specific model is in conjunction with the EELS experimental 
data however, this is not outlined here, but is instead included within the following chapter.  
5.2 Review of Plasmonic Modelling Techniques 
In plasmonics research, the ability to determine the resonant positition and strength, plus 
analyse under what conditions it can be enhanced, is of vital importance. As discussed in 
Chapter 2, the first widespread means of achieving this was performed by Gustav Mie in 1908 
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whereby he proposed a general solution to Maxwell’s equations to give the absorption and 
scattering from particles (196). Now referred to as Mie Theory, for the first time this provided 
a means to produce theoretical spectra for different sized colloidal gold nanoparticles and 
compare these to experimentally derived ones thereby allowing a rough approximation of the 
nanoparticle size, well before the existence of electron microscopes (48). Unfortunately, several 
limitations with this method exist, for instance Mie theory can only deal with spherical 
particles and requires a homogeneous non-absorbing surrounding medium. Various analytical 
extensions have been proposed which estimate the results with supporting substrates (88) and 
coatings (38) for instance, however Mie theory is still primarily only applicable for spherical 
particles or its close equivalents in spheroids and ellipsoids (37).  
 
To simulate more complex geometries and environments, it is necessary to move away from 
analytical solutions towards approximated numerical solutions instead. Since the rise of 
computing power, numerical solutions have increased in popularity to become a staple 
amongst engineering and physical science disiplines. With regards to numerical methods for 
plasmonics, there are a variety of applicable techinques as will be discussed below, each with 
their own advantages and disadvantages. Here I give just a brief overview of the methods, 
however for a more indepth discussion I advise the reader to study the following reviews (197, 
198).  
5.2.1 Discrete Dipole Approximation (DDA) 
The principle of DDA modelling is based upon representing a target nanoparticle as a finite 
cubic array of polarisable point dipoles with the spacing between each dipole small compared 
to the wavelength. The occupied sites of this cubic array may be controlled so as to represent 
more complex geometries or even multiple interacting particles (45). In the presence of an 
incident electromagnetic field the polarisability of each point is calculated as a contribution 
from its interaction with this incident field and with its neighbouring dipoles. Considering an 
array of dipoles, the solution may be solved exactly to give the scattering and absorption cross 
sections, meaning the only errors incurred are those derived from the assumption of 
representing a particle by an array of finite point dipoles (199).  
 
Although, this numerical method takes considerably longer to solve than the analytical 
solutions, in comparison to other numerical methods it is relatively quick (198). The DDA 
method also has the advantage of being able to represent geometries of arbitrary shape, 
composition, and even multiple objects, including for instance, the presence of a substrate (45). 
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Unfortunately, there are also a number of drawbacks to DDA. When simulating multiple 
particles such as those in arrays, the memory requirements may grow very rapidly due to the 
need to assign dipoles to each particle (198). In addition, in order to converge, it cannot simulate 
high aspect ratio nanoparticles or ones having a particularly large refractive index (198). The 
accuracy of the technique is also questionable with Draine and Flatau (199) reporting typical 
errors of between 2-5% for the simulation of spheres, however others have reported this to be 
up to 10% for metallic particles (45).  
5.2.2 Finite Element Modelling (FEM) 
Another numerical method that is particularly suited to simulating complex geometries and 
environments is that of finite element modelling (FEM). Perhaps the most widely used 
simulation technique, particularly in the field of engineering, its principle involves 
discretisation whereby it splits a geometry into a finite number of elements. These 
discretisation, known as meshing, typically employs tetrahedral elements for 3D structures 
allowing complex shapes and curves to be represented providing a sufficiently small element 
size is used, as shown in Figure 5.1. 
 
  
Figure 5.1: Comparison between course (left) and fine (right) meshing of a sphere showing 
sufficiently small elements are needed to accurately represent geometries. 
 
A solution to the simulation is determined by assigning partial differential equations to the 
element nodes that may be solved or approximated by iterative means to satisfy the boundary 
conditions. The solutions from each element are then combined to give the overall solution 
(200). This technique allows a whole variety of problems to be solved in many disciplines, 
including analysing how nanoparticles interact with electromagnetic waves as is the focus of 
this work. 
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The accuracy of the FEM method relies on the ability to create sufficiently small elements, 
particularly in the areas of interest or where there is a large change in the variables. On the 
other hand, a trade-off needs to be made with the solution time and computational 
requirements, as finer meshes drastically increase the time taken to solve and the RAM 
required. Unfortunately, even with appropriate meshing techniques utilised, FEM still tends 
to have high computational requirements and solution times, especially for 3D modelling, 
meaning high-performance PC’s with lots of RAM are often needed. On the other hand, it is 
a very flexible technique that may provide accurate results. For instance, Parsons et. al. (198), 
found that for a 80 nm gold sphere in a vacuum, FEM results varied from the exact Mie 
solution by only 0.4% whereas DDA varied by 1.6%.  
 
Despite having high computational requirements and solution times, FEM modelling is 
incredibly popular due to its versatility and ability to solve a variety of problems, including 
in multi-physics applications. For example FEM multi-physics models have been used to 
simulate nanoscale fluid flow from the heating of nanoparticles by lasers (201), thereby 
combining fluid flow, heat transfer and electromagnetic physics into one model. Furthermore, 
FEM models are particularly well suited to solving electromagnetic simulations involving 
arrays of nanoparticles. Unlike DDA which has to represent each individual nanoparticle, 
FEM models can utilise periodic boundary conditions (PBCs) to vastly reduce the 
computational domain size. The PBCs are applied in parallel to the sides of the simulation 
cell and calculate the electric and magnetic field vectors at this interface. The fields at one 
edge are then matched with those at the opposite edge and solved, resulting in the 
representation of an infinite array of nanoparticles (198). 
5.2.3 Finite Difference Time Domain (FDTD) 
The Finite Difference Time Domain technique is used for determining approximate solutions 
to electromagnetic problems within the time domain by solving Maxwell’s curl equations by 
a finite difference method. It operates by splitting the domain into a number of regular box 
shaped cells that are much smaller than the wavelength of light thereby creating a 
discretisation of space. These cells also quantize time, whereby the time taken for the fields 
to travel between the adjacent cells is the step size. Each cell is assigned the electric field 
along its edges and the magnetic field to the centre of its faces, so that they are half an interval 
apart. The fields can then be calculated using a leapfrog method where for instance the electric 
field is solved first and then used to solve the magnetic field, which in turn is then used to 
solve the electric field at the next time interval (202). 
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The main advantage of this method is that it allows you to visualise the propagation of a wave 
with time and how it interacts with a target. It is therefore very useful to use for transient 
problems. In addition to this, FDTD is also preferable for large simulations as the numerical 
complexity scales linearly instead of exponentially as with other techniques (202). Furthermore, 
unlike FEM which requires complex coding and professional software, the simplicity of 
FDTD means basic problems can be solved by self-written code with less than 100 lines (203). 
On the other hand, there are a number of significant drawbacks to this approach. For instance, 
as the model is solved in the time domain, the material properties must be stated for a large 
range of frequencies. In contrast, other models such as FEM may use readily available 
experimental data over just the frequencies of interest. This requirement for a large frequency 
range for FDTD can be mitigated somewhat by using theoretical models to predict the optical 
data, as with the Drude-Lorentz model for metals, however this may prove difficult for novel 
materials (198). Additionally, the FDTD method also suffers from disadvantages due to its need 
for discretisation of the geometry into a cubic lattice. This is due to the difficulty in accurately 
representing complex shapes, particularly ones which have curved surfaces using cubes. 
Following on from this, the regular grid structure also may cause problems with regards to 
the time it takes to solve. As the grid spacing controls the time step, a small step size may be 
required, however for models with large changes in scale this will likely drastically increase 
the solution time (203). 
5.2.4 Boundary Element Method (BEM) 
The Boundary Element Method although very similar to the FEM technique, has offered an 
alternate option for modelling the nanoparticles, with a number of improvements. The largest 
of these being that the dimension of the problem is reduced by one so that only the solutions 
at the boundaries of the surfaces must be determined, rather than the entire volume. This 
means the meshing is applied only to the surfaces making its implementation much simpler, 
plus this reduced dimension greatly decreases both the solution time and computational 
requirements (204, 205). In addition, as only the boundaries are meshed, the surrounding medium 
of the particle needn’t be, and is instead represented to infinity. This offers a benefit when 
large domains are present and makes the process much more efficient as generally, the 
solution at the boundaries is what is of interest (205).  
 
The principle underlying BEM is that the solution on a boundary may be approximated by 
numerical methods by solving boundary integral equations on the surface mesh. This 
boundary solution is then an exact solution of the differential equation within the interior of 
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the domain (204). For instance, from an electromagnetics standpoint, the electromagnetic fields 
scattered from a nanoparticle can be represented by both the surface currents and charges. By 
applying the boundary condition of continuity of the parallel components of the magnetic and 
electric fields, a set of surface integral equations can be formed. By meshing the surface these 
integral equations can be split up into a finite number of linear equations that may be solved 
numerically (30). For a more detailed mathematical description, we refer the reader to the 
following work  (206).  
 
The drawbacks to this method are that inhomogeneity and non-linear partial differential 
equations are generally not applicable with BEM. If the inhomogeneity is restricted to certain 
regions, a combination of FEM and BEM may be used to solve this, however this gives a 
degree of added complexity (204). In contrast, FEM is a valid for a wider range of problems. 
Furthermore, the mathematics behind BEM can be unfamiliar and this can hinder its uptake, 
especially compared to the well understood and validated FEM approach that has been 
thoroughly developed and can be accessed via professional software. 
5.3 Modelling Methodology and Validation 
As outlined in section 5.2 there are many types of modelling that allow the prediction of the 
plasmonic response of a nanoparticle. Each of these techniques has its own advantages, 
drawbacks, and assumptions that need to be considered in order to select an appropriate model 
for the task. After careful analysis it was decided that FEM modelling was best suited to the 
purpose of this thesis, owing to its ability to represent accurately complex structures including 
curved surfaces, as in the case of the nanorods studied here. Furthermore, its ability to greatly 
simplify arrays of nanoparticles by the use of PBCs is highly advantageous for this work. 
 
The FEM program used throughout this work is Comsol Multiphysics 5.2a in combination 
with the additional RF module that allows the simulation of electromagnetic waves within the 
frequency domain. A 3D approach is preferred despite the higher memory requirements due 
to the anisotropic nature of some of the models. Unlike other modelling techniques whereby 
geometries can be difficult to define, Comsol allows complicated geometries to be designed 
simply using its inbuilt geometry tools, or via importation from external CAD software.  
 
A number of different models have been used throughout this work in order to build 
progressive understanding. In this section I describe the methodology of each model, 
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beginning with the most basic example of a nanoparticle in a homogeneous environment 
irradiated by a plane wave. Many of the principles however remain the same between each 
model and therefore for the more advanced models, only the differences are discussed. To aid 
in the description of the modelling methodology, the names of definitions, functions and input 
parameters as termed within Comsol Multiphysics are given in italics. 
5.3.1 Nanoparticle in a Homogeneous Medium Model 
Firstly, a square block representing the medium was constructed in which the electromagnetic 
wave can propagate. This medium was truncated by the use of Perfectly Matched Layers 
(PMLs) set to absorb all outgoing radiation and stop reflections from the external boundaries 
interfering with nanoparticle. Comsol advised that the size of the medium should be at least 
the distance of half the wavelength from the nanoparticle to the PML (207). An incident plane 
wave travelling in the –z-direction and polarised in the y-direction was then defined by setting 
the Electromagnetic Waves, Frequency Domain to solve for the scattered field. This allows 
the input of a background field whereby the results generated are a perturbation of this field 
caused by the presence of a nanoparticle. The plane wave specified is then: 
 
X 0 
(75) Y E0
∗exp (−i∗(emw. k0∗na)
∗ − z) 
Z 0 
 
Where E0 is the incident electric field strength (V/m) set as 1 for all simulations, emw.k0 is 
the wavenumber in free space and na is the refractive index of the medium. Both E0 and na 
were set within the parameters node, whereas emw.k0 is a built in Comsol function. To excite 
different modes of a nanoparticle the polarisation can be altered by modifying the above 
equation, alternatively however, as the nanoparticle is in a homogeneous medium it may be 
simpler to simply rotate the nanoparticle with respect to a constant polarisation. 
 
The geometries under consideration were created and placed within the centre of the medium, 
making sure there was a sufficient gap between the PML and the nanoparticle. Material 
properties were then assigned to each region. For a simple medium such as a vacuum, this 
was achieved by creating a blank material and setting the relative permittivity to 1. For 
complex valued optical data which varies within the studied frequency range, such as gold for 
instance, a linear interpolation function of both the real and imaginary parts with respect to 
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frequency was created, and assigned to the material instead. Alternatively, Comsol has some 
predefined material properties within its material library that can be used instead if available. 
For gold and silver, experimental data from Johnson and Christy (208) was used throughout this 
work. The model was then set to solve using the selected material property such as complex 
relative permittivity or complex refractive index by altering the Solve For option under the 
Wave Equation, Electric node. 
 
To gain qualitative results, the optical cross sections were determined. This was performed 
by creating a new variables node with the following equations: 
 
Table 3: Definitions for the calculation of the optical cross sections 
Relative Normal 
Poynting Flux (nrelPoav) 
nx∗emw. relPoavx + ny∗emw. relPoavy
+ nz∗emw. relPoavz (76) 
Absorption Cross Section vol_int(emw.Qh) I0⁄  (77) 
Scattering Cross Section surf_int(nrelPoav) I0⁄  (78) 
Extinction Cross Section 
Absorption Cross Section
+ Scattering Cross Section 
(79) 
 
Here nx, ny and nz refer to the normal vectors from the nanoparticle surface, whereas 
emw.relPoav(x,y,z) is the scattered Poynting vector (directional energy flux of an 
electromagnetic field). For the cross sections, emw.Qh represents the power loss density in 
the nanoparticle and I0 is incident intensity (W/m2), calculated from the incident electric field 
strength (E0) as seen in equation (80), where Z0_const is the Comsol constant for the 
impedance of free space. The volume (vol_int) and surface (surf_int) integrals for the 
absorption and scattering cross sections respectively were then established by creating an 
integration function under the definitions node and selecting the appropriate boundaries.  
 
I0 = (E0
2 × na) (2 × Z0_const)⁄  (80) 
 
The last steps were then to mesh the geometry and assign solver settings. With regards to the 
meshing, around five to six elements deep in the PML was usually sufficient to absorb all the 
incident waves. Alternatively the medium should use an element size no larger than the 0.2 
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times the wavelengths in free space, whereas the particle should have a maximum element 
size around half of the minimum skin depth (207). For visible frequencies this equates to around 
14 nm. In addition however, mesh independence tests were also conducted. This is where the 
mesh size is reduced until the results no longer vary, as shown in section 5.4.1.  
 
A direct solver was used for the model with the Parallel Sparse Direct Solver (PARDISO) 
showing the best convergence compared to time and computational requirements. A direct 
solver was chosen over an iterative one when the RAM requirements could be met, however 
as the model became more complicated, a switch to an iterative method was often required as 
this greatly reduced the amount of RAM needed. At this point the model was solved. As 
previously mentioned, the model operates within the frequency domain meaning a solution 
was determined for only a single frequency. To build up a spectral solution, the frequency 
was stepped over the required range. This was done by creating a parametric sweep and 
allocating a range of frequencies. 
5.3.2 Nanoparticle on a Substrate Model 
The principle of modelling nanoparticles on a substrate involved firstly solving the interaction 
of an incident wave on a bare substrate that was infinitely wide in the absence of a 
nanoparticle. This solution was then used as the background field with the nanoparticle 
present. This two-step process was useful as it allowed the substrate to be regarded infinite, 
yet with only a single nanoparticle supported on it. Additionally, it also separated the 
nanoparticle solution from the substrate solution therefore allowing the intrinsic plasmonic 
response to be clearly identified. 
 
To perform this simulation, a number of changes to the previously described model were 
made. Firstly, a geometry was constructed in the same manner as before however now a 
second medium was added below to represent the substrate with equal width as the 
homogeneous medium domain, but of a height equal to that of the substrate. Both of these 
domains were again enclosed within an encapsulating PML layer.  
 
The Electromagnetic Waves, Frequency Domain (emw) was also altered to solve for the Full 
field. This differs from the scattered field which was solved for in the case of the 
homogeneous medium model by including both the incident field and the scattered field. It 
was solved in this manner as the full field solution represents both the transmitted proportion 
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of the incident wave through a substrate, and the superposition of the incident and reflected 
wave above the substrate, thereby giving a correct background field. This full field solution 
however was only allocated to the physical domains, thereby excluding the PML layer. The 
reasoning behind this was that the substrate was modelled as infinite in the x-y plane by using 
relevant boundary conditions on the domain walls. These boundary conditions negated the 
need to absorb outgoing radiation, and therefore the PML was redundant at this stage. 
 
The boundary conditions in question include both ports and Floquet boundaries, which define 
the incident wave and create periodic conditions respectively. Focusing on ports initially, 
these were used to both launch and absorb electromagnetic waves, with one defined at the top 
of the medium and the other located at the base of the substrate respectively. The port above 
the medium had its type set to user defined and Wave excitation at this port set to on. Its input 
power was then defined as seen in equation (81) where I0 was the incident intensity from 
equation (80), w is the width of the domain and θ was the angle of incidence: 
 
I0 × w
2 × cos θ (81) 
 
The local wave field vectors and propagation constant are also needed to define the wave. 
Assuming the following coordinate system for the wave incident on the substrate: 
 
 
Figure 5.2 – Coordinate system for a wave in a medium of refractive index na incident on a 
substrate with refractive index nb at an angle of incidence θa, angle of refraction θb, and 
azimuthal angle ϕ. ka and kb refer to the wavenumber above and in the substrate respectively. 
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The wave vectors were set in the definitions node for the medium and substrate domains 
respectively as: 
 
𝐤𝐚 = (kax, kay, kaz) =  𝐤𝐚(cosϕ sin θa, sinϕ sinθa , − cos θa) (82) 
𝐤𝐛 = (kbx, kby, kbz) =  𝐤𝐛(cosϕ sinθb, sinϕ sin θb , − cos θb) (83) 
           where: θb = sin
−1(na nb × sinθa⁄ ) (84) 
 
Here ka and kb are the wavenumbers in the medium and substrate respectively, defined as the 
wavenumber in free space multiplied by the refractive index of the material. When gold was 
used as the substrate, this refractive index was obtained by converting the frequency 
dependent complex relative permittivity into the refractive index, as shown below: 
 
n =  √
√ε′ + ε′′ + ε′
2
 
(85) 
 
These wave vectors were then assigned to the ports by expressing them as the tangentially 
polarised field vectors at each plane under the Electric field inputs.  
 
At input port E0 exp (−i(𝐤𝐚𝐱x + 𝐤𝐚𝐲y)) (− sinϕa, cosϕa, 0) (86) 
At output port E0 exp (−i(𝐤𝐛𝐱x + 𝐤𝐛𝐲y)) (− sinϕb, cosϕb, 0) (87) 
 
The z-components from equation (82) were then entered into the Propagation constant input 
as absolute values to finish defining the ports.  
 
In the previously described homogenous medium model, different plasmonic modes of the 
nanoparticles were excited by simply keeping the polarisation of the light the same but 
rotating the nanoparticle with respect to it. This is acceptable due to its homogeneous 
surroundings. In contrast however, when the nanoparticle was modelled on an infinitely wide 
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substrate, the surroundings are no longer homogeneous and therefore the polarisation of the 
incident wave had to be altered with respect to the substrate.  
 
Following the above described methodology leads to the propagation of an s-polarised wave 
with incident angle θ and azimuthal angle ϕ. This however will only excite transverse modes 
of the nanoparticle, whereas p-polarised light is needed with an angle of incidence greater 
than zero to excite longitudinal modes of nanorods. The easiest way to achieve this is to alter 
the Input quantity to solve for the Magnetic field instead of the Electric field. As the magnetic 
field is perpendicular to the electric field, this therefore resulted in the propagation of a p-
polarised wave.  
 
Now moving on to the boundary conditions at the side walls, periodic conditions were applied 
to simulate a substrate that is infinite in the x-y plane. As discussed previously, periodic 
conditions operate by matching the field at one boundary to the field at an opposite boundary 
of equal size. If the incident wave has normal incidence, therefore has electric and magnetic 
fields that are perpendicular and parallel to the side walls, both Perfect Electric Conductors 
(PECs) and Perfect Magnetic Conductors (PMCs) can be used as the boundary condition. The 
PEC effectively applies symmetry to a magnetic field whereas the PMC applies symmetry to 
the electric field. Considering this, the PEC was therefore allocated to the boundary 
perpendicular to the E-Field as opposed to the PMC which was applied parallel to the E-Field.  
 
For oblique angles of incidence, the use of both PECs and PMCs was not applicable and 
instead Floquet boundary conditions were used. Floquet boundary conditions are a more 
general case of periodicity whereby it states the solution at one boundary is equal to the 
solution at the other boundary multiplied by a complex valued phase factor. Although they 
are more applicable to different situations, they also take longer to solve.  
 
If the azimuthal angle (ϕ) was greater than zero, Floquet boundaries must be added on all side 
walls, however if the azimuthal angle was equal to zero, as was often the case, a compromise 
was made whereby only two of the boundaries have Floquet conditions, with the others having 
either PECs or PMC’s depending on the polarisation. For instance, considering an s-polarised 
wave travelling in the –z direction and polarised in the y-direction, even with an oblique angle 
of incidence, it only has E-Field components in the y-direction. This means a PEC condition 
could have been added to the boundaries perpendicular to the E-Field polarisation whereas 
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Floquet conditions were applied to those parallel to it. Alternatively solving for the magnetic 
field instead makes the E-Field only have components in the x and z-direction with the E-
Field in the y-direction being zero. Floquet conditions in this case would therefore be assigned 
to the boundaries parallel to the H-Field, with PMC conditions on those boundaries 
perpendicular to it. This allocation of the boundary conditions is shown in Figure 5.3 for cases 
when the azimuthal angle is both greater than zero and equal to zero, and for both s and p-
polarisation: 
 
 
Figure 5.3: Schematic diagram showing the allocation of periodic boundary conditions under 
various incident conditions. a) s-polarised light with both θ and ϕ>0, b) s-polarised light with 
ϕ=0 and θ>0, c) p-polarised light with ϕ=0 and θ>0. 
 
This previous description completes the allocation of boundary conditions, however to make 
this initial full field solution the background field, the effects of the nanoparticle had to be 
removed. This was achieved by creating a new Wave Equation under Electromagnetic Waves, 
Frequency Domain 1 (emw) and assigning it to the nanoparticle. The refractive index of this 
domain was then altered to the same as the surrounding medium, therefore essentially erasing 
the nanoparticle. The solution of this frequency domain now gave that of an incident plane 
wave with controllable angle of incidence and polarisation impinging on an infinitely large, 
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bare substrate. To apply this solution as the background field with the presence of a 
nanoparticle, a further frequency domain had to be solved for. 
 
This second frequency domain was added by selecting Add Physics followed by 
Electromagnetic Waves, Frequency Domain. The new frequency domain had the tag (emw2), 
instead of the previously used (emw), and therefore any equation with this suffix referred to 
the second frequency domain. This new frequency domain was then altered to solve for the 
scattered field as in the homogeneous medium model, with the background field input defined 
as the solution to the first frequency domain. 
 
The other settings in this frequency domain were kept the same as those in the homogeneous 
medium model, whereby the wave equation, Electric 1, was allocated to use the material 
property of choice such as the relative permittivity or refractive index. No ports or additional 
boundary conditions were needed in this second step, however, the PML under definitions 
was altered so as to only apply to this second frequency domain. In addition, the cross section 
equations had to be altered so that they use the solutions calculated for the scattered field in 
the second step. This was done by altering the equation listed in Table 3 to use the tag emw2 
instead of emw. The final step in this nanoparticle on a substrate model then required two 
frequency domains to be created under Study 1 so that each step may be solved sequentially 
instead of simultaneously to save on processing power. The outcome of this model therefore 
represents a single nanoparticle on an infinite substrate. If a periodic array of nanoparticles 
was required, the steps in section 5.3.3 were used instead.  
 
5.3.3 Nanoparticle Array Model 
The methodology for the modelling of an infinite array of nanoparticles was very similar to 
that described for previous models. Once again a two-step method was used whereby the first 
frequency step calculated an infinite background field without the presence of the 
nanoparticle. The second frequency domain then used this background field to derive the 
scattered field from the nanoparticle when represented as an infinite array, again achieved by 
harnessing periodic boundary conditions. These were allocated in the same manner as that 
shown in Figure 5.3. 
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In contrast to the homogeneous medium model which directly solved for a scattered field, this 
two-step process was also required even when not using a substrate. This was because the 
nanostructure in this model represented an array, which possessed a directional dependence 
relative to its periodic boundary. This meant that, unlike the homogeneous medium model 
where the nanoparticle could be rotated relative to a fixed incident field, the nanoparticle had 
to remain fixed and the incident field varied instead. For exciting p-polarised light with 
oblique angles of incidence, this was most easily achieved by using port conditions. Here a 
background scattered field was not entered, but a full field solution was used in its place. The 
method to derive the background field was then identical to that of the nanoparticle on a 
substrate model for both substrate and without substrate cases.  
 
Despite the same method being used as that for a nanoparticle on a substrate model, an 
alteration to the simulation domain was required due to the sides of the model no longer 
requiring the use of a PML layer. This was due to the nanoparticle now also being periodic 
and therefore the outgoing radiation did not need to be absorbed by a PML. Instead the side 
boundaries were made periodic for both frequency steps. The top and bottom PML layer was 
still kept however as the array was periodic in only one plane. This use of PMLs at the top 
and bottom also has the advantage that it allows the far-field properties to be determined, such 
as the scattering cross section. 
5.4 Validation of Model 
5.4.1 Mesh Independence 
To ensure the validity of the models a number of initial assessments were performed. Firstly 
a mesh independence test consisting of repeating simulations with a varying mesh size from 
course to fine was undertaken. The size at which further refinement of the mesh did not 
significantly alter the result was deemed to be the optimum size. Only the mesh in the 
nanoparticle was adjusted as this is the area of interest, however, the mesh in the other 
domains was governed by the global definition of at least five elements per wavelength. As 
the skin depth of gold in the visible frequencies is around 14 nm, the mesh size of the 
nanoparticle should be no more than 7 nm (207). To illustrate the importance of having an 
appropriate mesh, the mesh independence tests were started at the same value as the skin 
depth and reduced down to a maximum size of 2 nm. The results shown in Figure 5.4 are for 
a 40 nm gold sphere at a wavelength of 510 nm in a vacuum. 
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Figure 5.4: Mesh independence test for a 40nm gold sphere in a vacuum at a wavelength of 
510nm. a) Comparison of absorption efficiency with mesh size and degrees of freedom, b) time 
taken to solve for each mesh size and with the number of degrees of freedom. 
 
The results shown in Figure 5.4 show that with refinement of the mesh the number of degrees 
of freedom increase rapidly, particularly for small mesh sizes. This refinement of the mesh 
also caused a decrease in the absorption efficiency until around a mesh size of 4 nm, after 
which the solution stayed relatively constant. In contrast, the time to solve the simulation 
increased exponentially with the number of degrees of freedom, taking typically less than a 
minute for mesh sizes greater than 4 nm, however, increasing up to 50 minutes per wavelength 
for a mesh size of 2 nm. The required RAM for the 2 nm mesh size also increased rapidly 
using 18.49 GB compared to 5.57 GB for the 4 nm mesh. Finally calculating the error with 
respect to Mie theory at the same wavelength gives a percentage error of 3.32% for a course 
mesh of 14nm compared with an error of 2.01% for a 4nm mesh, 1.96% for a 3 nm mesh and 
1.93% for a 2 nm mesh. Considering this, the 4nm or 3nm mesh size would be chosen to use 
for the full simulation as this gives a good balance between solution time, accuracy, and RAM 
requirements. As this result is geometry dependent, this process was repeated for each new 
simulation. 
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5.4.2 Comparison to Mie Data 
As discussed within the modelling aims, a single sphere within a homogeneous medium was 
modelled in order to validate the FEM model. As Mie Theory also provides a rigorous solution 
to this problem, it therefore allows a direct comparison to be made. The results of this can be 
seen within Figure 5.5 whereby a 40 nm gold nanosphere was simulated in a homogeneous 
medium with permittivity εm = 5. The Mie solution for comparison was instead generated 
using the freely available software MiePlot version 4.6 (57). The absorption and scattering 
cross sections for each solution are compared and excellent agreement is seen. Indeed, the 
results match so accurately that it is often difficult to distinguish between each set of results.  
 
 
Figure 5.5: Comparison of absorption and scattering cross section for both Mie Theory and 
the FEM solution for a 40 nm gold nanosphere in a homogeneous medium (εm = 5). 
 
Although the excellent agreement validates the model when using a medium permittivity of 
five, it is also necessary to determine if this agreement continues for other media. For this, 
both the absorption and scattering cross sections were modelled for a 40 nm gold spheres in 
a homogeneous medium with a variable permittivity of between one and eight (εm = 1–8). The 
peak resonance wavelength (λmax) of the absorption cross section was then also compared for 
both FEM simulations and Mie theory. The results are shown in Figure 5.6 whereby both a 
red-shift and increase in amplitude of the cross sections is seen as the medium permittivity 
153 
 
increases. This matches the theory outlined in Chapter 2 whereby an increase in the optical 
contrast between that of the particle and the medium results in both an increasing amplitude 
and a linear red-shift of the resonance wavelength. This linear red-shift is confirmed in Figure 
5.6c, and once again shows excellent agreement between both FEM and Mie solutions, with 
the peak wavelength position typically only differing by 1nm. This agreement shows that the 
model is validated in terms of calculating the far-field optical cross sections. 
 
 
 
Figure 5.6: a) The absorption and b) scattering cross section FEM solution for a 40nm gold 
nanosphere in a homogeneous medium with changing permittivity from εm = 1 to 8. c) A 
comparison of the absorption resonant wavelength (λmax) with Mie theory. 
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5.4.3 Near Field Validation 
Although the comparison of cross sections to Mie theory in the previous section provides a 
validation of the far-field results, the near field must also be validated. This was achieved by 
producing a map of the electric field distribution (normalised E-field amplitude) at the 
resonance wavelength of 508 nm. Additionally, by plotting the normalised electric field 
amplitude with distance from the surface of the nanoparticle, the decay of the surface plasmon 
may be analysed, as seen in Figure 5.7. 
 
 
Figure 5.7: Normalised electric field with distance from the surface of a 40 nm sphere in 
vacuum at a wavelength of 508 nm. The inset shows the normalised electric field distribution. 
 
It may be seen from the above graph that the electric field decays approximately exponentially 
away from surface of the nanoparticle in agreement with theory (36). Additionally, the electric 
field plot shown in the inset shows the dipolar plasmonic mode, as would be expected for this 
small sized nanosphere where higher order modes are negligible. 
 
From these results it was concluded that the model is able to accurately model nanoparticles 
in homogeneous media. This validation allowed other factors that affect the plasmon 
resonance of both nanospheres and nanorods to be investigated so as to gain a more thorough 
understanding, as well as to determine features that may allow for the optimisation of their 
properties. 
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5.5 Modelling of Isolated Nanorods 
Following on from the validation of the FEM model, focus is now addressed to the modelling 
of single nanorods within a homogeneous medium. Analysis of these isolated nanorods aims 
to give insight into the factors that affect the plasmonic resonance. This is in the hope that it 
will help with the interpretation of the more complicated coupled structures later on, plus also 
provide an idea of what conditions optimise the absorption of visible light. As discussed in 
Chapter 7, although both absorption and scattering have a role to play in enhancing plasmonic 
photocatalysis, this high absorption in particular is critical in the generation of a successful 
plasmonic photocatalyst. This is due to the nanoparticles typically being located directly on 
the semiconductor, with enhancements arising from the high local electric field strength, 
plasmon resonant energy transfer (PRET) and injection of hot electrons (21).  
 
Initially, an isolated nanorod of diameter 40nm and an aspect ratio of three was modelled in 
a water with a refractive index of 1.33, as seen in Figure 5.8. The absorption efficiency 
spectra, defined as the absorption cross section divided by the geometrical cross section, was 
modelled at an angle of incidence of 45°. This allowed both the transverse mode and the 
longitudinal mode to be excited with peaks at 511 nm and 743 nm respectively. Both these 
modes are seen clearly in the electric field maps whereby the transverse mode has an 
oscillation over the short-axis of the rod and the longitudinal mode has an oscillation over the 
long-axis. As explained within Chapter 2, the longitudinal mode is red-shifted compared to 
the transverse mode due to its longer length requiring an increase in the wavelength to 
effectively excite an electron oscillation over its length.  
 
Next, the effect of the end geometry of the nanorods was studied by comparing a flat ended 
rod to a spherically capped rod. Additionally, an analytical solution in Gans theory was also 
used for comparison as this represents a spheroid, and is often used to approximate the 
resonant position of nanorods. This was normalised to the FEM spectra at a wavelength of 
400 nm for easy comparison however, as it was calculated over all orientations unlike the 
FEM simulations which were calculated for just a longitudinal orientation, its amplitude was 
correspondingly reduced.  
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Figure 5.8: Absorption efficiency spectra for a gold nanorods (40 nm x 120 nm) in water 
(n=1.33) at 45°. The insets show the electric field distribution for the transverse and 
longitudinal modes. 
 
The results of the effect of the rod end geometry are seen within Figure 5.9, again including 
maps of the electric field distribution. Firstly, in terms of the resonant wavelength, it was 
noted that as the rod end geometry transitions from a spherically capped cylinder to a flat 
ended cylinder with sharp corners, the resonant wavelength increased. Similarly, a red-shift 
was also seen for the spherically capped cylinder as compared to that predicted by Gans 
theory. Interestingly, the wavelength shift seen in the different structures was relatively large 
at approximately 100 nm and this therefore highlighted the importance of accurately 
accounting for the rod end geometry. 
 
By studying the electric field distributions, it was found that the flat ended cylinder had 
electric field strengths over twice that of the spherically capped cylinder. This however is 
likely to be inaccurate as the cylinder goes to a perfect corner, which is unrealistic in 
fabricated-structures. Considering this, and by observing that the nanorods produced in this 
work typically did not have perfectly flat ends, the spherically capped cylinder was deemed 
to be the most appropriate end geometry for use in this modelling work.  
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In order to maximise the absorption within the visible region, both the diameter and the aspect 
ratio of the rod should be optimised. The effect of the nanorod diameter was first investigated 
in Figure 5.10 for the longitudinal mode of a gold nanorod with a constant aspect ratio of 
three in a vacuum. Additionally, the transverse modes dependence on diameter is seen in the 
inset.  
 
 
  
Figure 5.9: Absorption efficiency spectra for spherically capped gold nanorods and flat-ended 
nanorods compared to Gans theory. The maps at the bottom show the electric field distribution 
for each of the rod end geometries (30 nm x 90 nm in vacuum). 
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Figure 5.10: Effect of diameter on the longitudinal modes absorption efficiency for a gold 
nanorod of AR=3. The inset shows the dependence on diameter for the transverse mode 
(diameter 10 nm – 50 nm).  
 
The longitudinal mode showed a relationship with the diameter whereby it red-shifted with 
increasing diameter of the nanorod. The peak started initially relatively sharp however 
broadened and decreased in amplitude at the larger diameters. A clear maximum in the 
absorption efficiency was seen for a diameter of 30 nm, therefore this represents an optimum 
size to fabricate nanorods. Considering the electrodeposition within AAO templates 
fabrication route, this could be achieved using 0.3 M sulphuric acid as the electrolyte and 
anodising at 25 V. In contrast however, the absorption efficiency for the transverse mode 
showed a steady increase in the absorption efficiency as the diameter increases. This was only 
performed up to a diameter of 50 nm however, and may be instead expected to broaden and 
decrease with larger sizes, as seen with spheres at diameters above approximately 100 nm.  
 
On the other hand, when analysing the effect of the nanorod’s aspect ratio, a monotonic trend 
was seen in Figure 5.11 for a gold nanorod with aspect ratio varying from two to ten. As 
typically reported for isolated nanorods, the longitudinal mode red-shifted linearly with 
increasing aspect ratio and an increase in the absorption efficiency was also seen. It should be 
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noted however that this red-shift is so pronounced that by an aspect ratio of five, the resonant 
wavelength had red-shifted to 801 nm and therefore had moved out of the visible range and 
into the near infrared. As seen later, this is in contrast to the results found when the 
longitudinal modes are coupled in a side by side periodic array of nanorods, whereby a much 
smaller red-shift with aspect ratio was seen.  
 
 
Figure 5.11: Absorption efficiency with AR for a gold nanorod in a vacuum with diameter of 
30nm. The field plots on the right show the electric field distribution for the longitudinal mode 
(λ=1285 nm) and the sextuple mode (λ=605 nm) of an AR=10 nanorod.  
 
Additionally, it was seen in the spectra that smaller peaks around a wavelength of 600 nm 
become visible. These belong to the longer AR nanorods and represent the presence of higher 
order modes, which again red-shift with increasing AR. The distribution of the electric fields 
both for a longitudinal mode and the sextuple higher order mode is seen within the field plots 
of Figure 5.11. The longitudinal mode has a characteristic dipole distribution whereas the 
sextuple mode has additional nodes along the nanorods length. The quadrupole mode is not 
visible within the spectra due to the polarisation being parallel to the long axis of the nanorod, 
which as shown in Figure 2.16 of the literature review cannot excite the quadrupole mode.  
 
The modelling so far has focused on bare gold nanorods so as to determine how various 
factors affect their plasmonic resonance. This will now be broadened to include the effect of 
placing a titanium dioxide shell on the surface, and also assessing multi-material nanorods. 
160 
 
Both of these structures are able to be fabricated as shown within Chapter 3, and therefore it 
is useful to gain an understanding on how they alter the plasmonic resonances. 
 
Firstly, the effect of a TiO2 shell was addressed. This is modelled assuming rutile TiO2 using 
permittivity data taken from the work of DeVore (209). The shell thickness was varied from 2 
nm to 10 nm for a longitudinal polarisation, as seen in Figure 5.12.  
 
 
Figure 5.12: Average surface electric field strengths for a 30 nm x 90 nm gold nanorod with a 
TiO2 shell on its surface varying from 2 nm to 10 nm in thickness. 
 
In Figure 5.12, the average electric field over the surface of both the gold nanorod and the 
TiO2 shell was calculated separately for comparison. This was plotted instead of the optical 
cross sections owing to the desire to ascertain at what shell thickness the electric field within 
the TiO2 layer became maximised. This is important as the electron-hole production within 
the semiconductor is proportional to the electric field intensity |E2| (210),which occurs when the 
electric field on the surface of the gold nanoparticle is at a maximum. In contrast, the electric 
field on the surface of the TiO2 will give high field strengths in the surrounding medium, as 
in the electric field distribution plots shown in Figure 5.13. 
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Figure 5.13: Electric field distributions of 30 nm x 90 nm gold nanorod coated in TiO2 of 
varying thickness. The plots are taken at the longitudinal resonance wavelength with a scale 
of 0-9 V/m apart from the plot at 650 nm which is taken at the peak of a lower wavelength 
resonance with a scale from 0-3 V/m.  
 
By studying both these figures it was found that as the TiO2 layer increased in thickness, a 
red-shift in the longitudinal position occurred. This is as expected due to the higher refractive 
index of the TiO2 (n~2.5) compared to that of the medium (n=1). As discussed within Chapter 
2, as the shell becomes thicker it has a more dominant role on the resonance position, whereby 
when sufficiently thick it will match that of the particle completely embedded within a 
medium of equivalent refractive index. 
 
It was also seen that with increasing thickness of the shell, the average surface electric field 
strengths for both the gold and TiO2 surface showed different behaviours. The gold surface 
electric field strength stayed relatively constant although a slight maximum was seen at 
around 6 nm thickness. The TiO2 shell surface electric field strength however decreased with 
increasing shell thickness. In addition, a shorter wavelength peak typically between 600-700 
nm was also visible within the spectra. It is believed this relates to a higher order mode that 
occurs even at this short aspect ratio due to the high refractive index of the surrounding TiO2. 
The electric field map supported this conclusion with a mode visible towards the centre of the 
nanorod. Additionally, by performing simulations of the nanorod without a shell but in a 
homogeneous medium of TiO2, a similar mode was observed (not shown), thereby suggesting 
this is not a mode relating to just the core-shell geometry. 
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Based upon these results it was concluded that a TiO2 layer of around 6 nm may be optimum 
for photocatalytic experiments. This is because both the electric fields within the TiO2 layer 
and on its surface remain high. However, many photocatalytic processes are complex and 
therefore the maximum in photocatalytic activity may rely on other parameters that would 
need to be carefully optimised (211). 
 
Moving onto the multi-material nanorods, by sequentially alternating the metal deposited 
inside the pores of the AAO template, multi-layered structures can be fabricated. These are 
briefly analysed here in order to show the merits of such a technique, however the application 
of these multi-layered rods was beyond the scope of this current work. Figure 5.14 shows the 
transverse orientation results for a two layered nanorod made from gold and silver with 
varying ratios of each. It was seen that two peaks were present relating to the transverse mode 
of each metal, with silver at approximately 350 nm and gold at ca. 500 nm. As the relative 
amount of each metal increased, the amplitude of its transverse peak also increased. The 
transverse mode relating to the silver segment however was much stronger than that of the 
gold. This is due to the silver transverse resonance being located at a wavelength that is 
separated from its bulk interband transition, in contrast to the situation in gold (212).  
 
 
Figure 5.14: Absorption efficiency for the transverse mode of a Au-Ag bimetallic nanorod with 
varying size of each material. The nanorod is kept at a constant diameter of 30 nm and AR=3. 
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The longitudinal mode of the multi-material nanorods showed a more complex trend, as 
shown in Figure 5.15. Once again two peaks were noted relating to the longitudinal mode of 
each material, located at around 610 nm and 510 nm for single material Au and Ag nanorods 
respectively. Starting from a 100% gold nanorod, it was seen that as this was progressively 
replaced by silver, the gold longitudinal mode blue-shifted back towards its transverse mode, 
eventually overlapping with that of the silver longitudinal peak. On the other hand, as the 
silver segment grew, a peak occurred initially at its transverse resonant wavelength, before 
then red-shifting as the segment became longer. Based upon these results, layered multi-
material nanorods such as the Au-Ag nanorod shown here may be useful for achieving 
absorption right across the visible spectrum. Additionally, the ability to alter the relative 
segment sizes to further tune the resonant position may also prove useful as it allows another 
degree of control.  
 
 
Figure 5.15: Absorption efficiency for the longitudinal mode of a Au-Ag bimetallic nanorod 
with varying size of each material. The nanorod is kept at a diameter of 30 nm and AR=3. 
5.6 Modelling of Coupled Nanoparticles 
Following the analysis of single isolated nanoparticles within the previous section, attention 
will now directed towards the consequences of coupling. These coupling effects can lead to 
dramatic shifts in the optical properties and give extremely high electric field strengths, 
particularly within small gaps. As the nanorod arrays produced in this work are supported on 
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a metallic substrate, both interactions with the substrate, and with other nanorods within the 
array, may alter the optical properties compared to a simpler isolated nanorod. These 
interactions will be studied separately initially, whereby modelling is first performed to 
analyse the effect of the substrate with a single isolated rod. Multiple nanorods in an array but 
within a homogeneous medium will then be addressed, before eventually combining the array 
and the substrate to give a representative model of the fabricated nanorod arrays. 
5.6.1 Particle - Substrate Coupling 
In regards to particle–substrate interactions, the vast majority of previous work has relied on 
the modelling of nanospheres directly on, or above a substrate. To validate the nanoparticle 
on a substrate model plus also further analyse the effect of the substrate in a relatively simple 
model, a sphere was also modelled initially within this work, before then addressing the case 
of a supported nanorod.  
 
Firstly, modelling was performed to analyse how a dielectric substrate affected the plasmonic 
response of a gold sphere sat directly on top of it, as compared to that of a gold substrate or a 
vacuum. The absorption efficiency spectra for this are shown in Figure 5.16 with additional 
electric field plots of both the background field and the scattered field. Analysing the spectra 
it can be seen that a red-shift occurred when the nanoparticle was sat on a substrate as 
compared to one surrounded by a vacuum. This shift was relatively small for a dielectric 
substrate, shifting by only 2 nm, however, was much more pronounced for the gold substrate 
giving a red-shift of 10 nm.  Furthermore, the absorption efficiency was seen to decrease for 
the dielectric substrate yet increase for the gold substrate relative to the vacuum resonance. 
Both of these findings agreed with those cited in the literature review. The red-shift was 
caused by the nanoparticle coupling with the substrate, such as is described by the image 
charge approach. A strong coupling occurs for a gold substrate resulting in a large shift 
whereas a weaker coupling with a dielectric substrate leads to a smaller shift.  
 
On the other hand, the change in the absorption efficiency amplitude is due to the substrate 
altering the local field intensity around the nanoparticle due to factors such as reflection and 
the presence of standing waves. This was seen in the background field plots whereby for the 
gold substrate the wave was unable to penetrate deep into the material, but was instead 
reflected away. The local field around the nanoparticle was then a superposition of the 
incident wave and the reflected wave, resulting in a standing wave with a higher field strength. 
Alternatively with the dielectric substrate, the wave was able to propagate though the 
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substrate, however with a much reduced amplitude. This resulted in the field strength above 
the substrate being reduced compared to the vacuum case thereby leading to a drop in the 
absorption efficiency. Furthermore, although the dielectric substrate case had a plasmonic 
resonance that is similar in form to the vacuum scenario, this altered significantly for the gold 
substrate. Here the electric field was a greatly enhanced towards the bottom of the particle, 
therefore demonstrating the strong coupling that was present.  
 
 
Figure 5.16: a) Absorption efficiency spectra of a 40 nm gold sphere on top of a gold substrate, 
dielectric substrate and within a vacuum. S-polarised light is used incident normal to the 
substrate. b) Electric field plots for the background field (Ey) and the scattered field at λmax 
from a side on view. 
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This particle-substrate coupling was addressed in more detail by studying how a gold 
nanosphere interacted with a gold substrate as it was brought closer to it. In this setup, the 
polarisation with respect to the nanoparticle is important and therefore both s and p-polarised 
light was tested at an angle of incidence of 45°, as seen in Figure 5.17. 
 
 
 
Figure 5.17: a) Absorption efficiency of a 40 nm gold sphere with distance above a 150 nm 
thick gold substrate for both s and p-polarised light at 45° angle of incidence. b) Resonant 
wavelength with distance above substrate. c) Electric field plots for both a 5 nm and 1 nm gap 
from the substrate when using s and p-polarised light at 45°. 
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Firstly, as seen in Figure 5.17a, both polarisations resulted in a red-shift as the particle 
approached the substrate. This was small for the s-polarisation however it was much more 
pronounced for p-polarisation, as seen in Figure 5.17b. Similarly, the s-polarisation 
underwent a slight reduction in absorption efficiency whereas, in contrast, with p-polarisation, 
this increased greatly. This polarisation dependence matched that found in the literature 
review and was the result of the electric field direction under each polarisation as seen in the 
schematic diagram of Figure 5.17c. For example, in s-polarised light the electric field remains 
parallel to the substrate regardless of the angle of incidence. When the particle gets in close 
proximity to the substrate, the resonance is still being excited in the same manner as it was 
when far away, however, the fields at the bottom of the particle may interact with the substrate 
and undergo a small degree of coupling. On the other hand, with p-polarised light the electric 
field has a component perpendicular to the substrate depending on the angle of incidence.  
Considering this, the plasmon is excited towards the substrate and therefore much stronger 
coupling can occur even at large distances. This was seen in the electric field plots where for 
p-polarisation the fields were clearly located towards the base of the particle in the gap 
between it and the substrate. This strong coupling resulted in the generation of very high 
electric field strengths and even the generation of higher order modes when at small distances, 
such as in the 1nm gap size shown. Despite this, it should be stated that the model used in the 
simulation of these results relies on local approximations which are known to overestimate 
the field strengths and spectral shifts at very small gap sizes of around 2 nm or less (63). Despite 
this, field enhancements and shifts in the spectra are still expected.  
 
These results for a sphere above a substrate gave an indication of the trends seen for a 
relatively simple system. Focus was then directed to the more relevant structure of gold 
nanorods standing vertically on substrate, as with the nanorods fabricated in this work.  Figure 
5.18 shows the absorption efficiency of gold nanorods supported on a 150 nm thick gold 
substrate for both the transverse and longitudinal modes. Here the transverse mode could be 
excited using s-polarisation at any angle of incidence, whereas the longitudinal mode required 
p-polarised light with an angle of incidence greater than zero. The electric field plots with and 
without a substrate are also shown. The same geometry was used in both simulations for an 
accurate comparison. 
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Figure 5.18: Absorption efficiency spectra for 30 nm diameter gold nanorods supported on a 
150 nm thick gold substrate with varying aspect ratios. 45° angle of incidence plane waves 
were used under a) s-polarisation or b) p-polarisation. The field distributions on the right are 
for both a “with substrate” and “without-substrate” scenario. 
 
Focussing first on the transverse modes, it was seen that as the AR increased, the nanorods 
absorption efficiency also increased. This appeared to occur quite systematically for both the 
“with substrate” and “without substrate” cases. This was due to the nanorod length (at which 
a plasmon is sustained over) increasing with the aspect ratio, however the geometrical cross 
section as viewed from above, remained constant. Interestingly, it was also observed that the 
substrate led to an increase in the absorption efficiency as compared to the same geometry 
without it. This was likely due to the higher local field intensity above the substrate.  
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The longitudinal modes, excited using p-polarised light at 45° angle of incidence, showed 
similar trends. Once again the absorption efficiencies were higher for the nanorods on a gold 
substrate than for those without it. Additionally however, there was also a remarkable red-
shift of the resonance position for the substrate case compared to the without substrate case. 
For example, it was found that even at an aspect ratio of two, the resonant wavelength had 
shifted 266 nm and was only just still located within the visible region. Studying these 
supported nanorods in more detail, it was also noted that the red-shift with aspect ratio has a 
fairly linear trend whereby it shifts at a rate of around 200 nm per unit aspect ratio. As this 
red-shift with increasing aspect ratio occurred at a much larger rate than for the nanorods 
without substrates, the difference between the resonant wavelengths of a substrate and non-
substrate nanorod increased dramatically for higher aspect ratio nanorods.  
 
As discussed within the literature review, it is expected that metallic substrates give rise to 
larger red-shifts than dielectric substrates due to the strong coupling that occurs. For example, 
red-shifts of approximately 130 nm were reported by Mock et. al. (110) for gold spherical 
nanoparticles placed on a gold substrate as compared to a dielectric one (located at a glass-
water interface). Considering that a dielectric substrate would also red-shift the resonance 
with respect to a vacuum scenario, the shift between a gold substrate and vacuum conditions 
would be expected to be even larger, as was shown by these results. Additionally, as the 
nanorods in this work stood perpendicular to the substrate, this meant that the relatively strong 
longitudinal modes excited were directed straight towards the substrate. As shown previously 
in Figure 5.17, when the plasmonic modes were orientated so that they could effectively 
couple with the substrate, a greater red-shift was seen. Similarly, Lermé et. al. (91) also 
concluded that this coupling with the substrate is principally responsible for the red-shifts in 
the resonance position. Considering this, it was therefore hypothesised that the much higher 
resonant wavelengths could be attributed to the longitudinal mode of the nanorod coupling 
strongly with that of the substrate. 
 
Further modelling also supported this conclusion. For example, in a similar fashion to that 
done with spheres, the gold nanorods were modelled as they were moved progressively closer 
to the substrate, as seen in Figure 5.19. Here the nanorods were modelled with their long axis 
perpendicular to the substrate, eventually joining with it at a gap size of 0 nm. It was seen that 
with a decreasing gap size, and therefore stronger coupling, the longitudinal mode red-shifted 
and increased in amplitude. At a gap of 1 nm, higher order modes were seen to be excited 
however these seemed to disappear when the nanorod joined the substrate. This indicated that 
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these higher order modes were related to coupling within the gap, with electric field plots 
supporting this. As a further red-shift was seen in the longitudinal mode when the nanorod 
joined with the substrate, this also suggested that the substrate coupling seen was not solely 
related to the gap, but instead continued when the nanorod joined it. 
 
 
Figure 5.19: Absorption Efficiency spectra for an AR=3 gold nanorod with its long-axis 
perpendicular to a 150nm thick gold substrate at various particle-substrate gap sizes. 
 
Discussing these higher order modes in more detail, although an AR=3 nanorod at a gap size 
of 0nm did not exhibit these modes, they did appear for higher aspect ratio rods albeit with 
relatively weak intensity. The onset of these was at an aspect ratio of four to five, with a 
progressive red-shift and the generation of further modes observed with increasing aspect 
ratio. This was in contrast to that seen for non-supported nanorods, whereby the same higher 
order modes only began to appear at an AR≥6 and gradually became more prominent after 
that. This onset of higher order modes at slightly lower aspect ratios for supported rods was 
as expected based upon the work in the literature review, and the results of Figure 5.19. This 
was because the substrate enabled strong coupling to occur between itself and the nanorod 
which in turn led to the hybridisation of the modes and therefore the onset of these higher 
order modes earlier. The electric field plots for the longitudinal mode and the first two 
occurring higher order modes are seen in Figure 5.20. An appreciation of the electric field 
distribution for these modes is required as this helps with the analysis of modes in later 
sections of this work. 
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Figure 5.20: Electric field distribution plots for the longitudinal mode and higher order modes 
at decreasing wavelengths (left to right). The nanorod is 30 nm diameter with an aspect ratio 
of 8 and is supported on a 150 nm thick gold substrate. 
 
Lastly, an assessment of the effect of angle of incidence on a supported single nanorod was 
undertaken, as shown in Figure 5.21. It was noted that with increasing angle of incidence, the 
transverse mode decreased in amplitude whereas the longitudinal mode increased. More 
importantly however was the appreciation that the resonant wavelengths of the modes did not 
alter with polarisation. Although this may seem a trivial result, it is found to be in contrast to 
the behaviour found for arrays of nanorods, as described later. 
 
 
Figure 5.21: Absorption efficiency for a 30 nm x 90 nm gold nanorod stood vertically on a gold 
substrate and illuminated by an s or p-polarised plane wave with varying angle of incidences.  
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5.6.2 Particle - Particle Coupling 
Following on from the effect of the interaction of a single nanorod with a substrate, attention 
was then directed to the coupling experienced between multiple nanorods. A wealth of 
research has studied these systems for the case of nanoparticle dimers or end to end orientated 
nanorods, however, relatively little attention has been given towards side by side orientated 
arrays of nanorods despite the interesting optical properties they possess and the ease at which 
they can be fabricated. For conciseness, only this side by side orientation is studied here as it 
matches those fabricated within this work.  
 
Firstly, a trimer of AR=3 nanorods were simulated in a homogeneous medium (n=1) with a 
variable spacing, as shown in Figure 5.22. This spacing was defined from the edge to edge of 
adjacent nanorods, whereby 0 nm represented touching nanorods. This is in contrast to the 
inter-particle spacing given elsewhere, which measures between the centres of nanorods, as 
the former allowed a deeper insight into the particle coupling strength that was irrespective 
of the nanorod diameter.  
 
 
Figure 5.22: Effect of spacing on the absorption efficiency for a trimer of side-by-side aligned 
gold nanorods of AR=3 and diameter 30 nm, excited using p-polarised light at 45°. The isolated 
curve represents that of a single gold nanorod therefore with no inter-particle coupling. 
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The above results show that as the trimer of nanorods moved closer together, and therefore 
the inter-particle coupling strength increased, a blue shift of the longitudinal mode occurred, 
with it moving from 618 nm to 584 nm. This was also accompanied by a drop in the absorption 
efficiency. Alternatively a red-shift occurred for the transverse mode from a wavelength of 
502 nm to 516 nm, with an additional increase in the absorption efficiency. Both of these 
relationships match those found in the literature review. For instance, as predicted by the 
plasmon hybridisation model, parallel aligned nanorods with the electric field polarised along 
the long-axis have a bright mode (parallel aligned dipoles) that occurs blue-shifted in 
comparison to that of an isolated nanorods longitudinal mode (115). Alternatively, when the 
electric field is perpendicular to the nanorods long-axis, a slight red-shift of the transverse 
mode was predicted (119). On the other hand, in regards the change in absorption efficiency, a 
similar result was also found by Lee et. al (120). The decrease in absorption efficiency of the 
longitudinal modes with spacing may be attributed to destructive interference of the radial 
components of the electric field as the nanorods are brought closer together. The opposite was 
true for the transverse mode whereby the radial components constructively interfere therefore 
increasing the strength of the plasmon and giving a higher absorption efficiency. This can be 
seen in the electric field plots of Figure 5.23.  
 
 
 
Figure 5.23: Electric field distribution for a trimer of side-by-side nanorods showing the 
constructive interference between the transverse modes and destructive interference between 
the longitudinal modes. 
 
Referring back to Figure 5.22, the absorption efficiency spectra for a single nanorod is also 
included within the plot. It appeared as though at a large spacing within the nanorod trimer, 
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the longitudinal mode regained both the resonance position and strength of that of a single 
isolated nanorod. In fact, further analysis showed this to be more complex. For instance, the 
trimer spacing was extended up to large gaps of 3000 nm, as seen in Figure 5.24. The cross 
section efficiencies actually surpassed that of the isolated nanorod before then decreasing and 
repeating so that a fluctuating trend was produced. Similarly, although not shown within the 
figure, the resonance wavelength similarly fluctuated by a few nm either side of the isolated 
nanorod longitudinal wavelength. These effects can be explained by constructive or 
destructive interference between the scattered fields of the nanorod array according to Bragg’s 
law, as seen in equation (88). 
 
2d sinθ = nλ (88) 
 
Where d is the periodic distance, θ is the angle of the scattered rays, n is an integer, and λ is 
the wavelength. 
 
 
Figure 5.24: Dependence of the longitudinal modes optical cross section efficiencies on the 
inter-particle spacing for a trimer of gold nanorods (30 nm diameter, AR=3). 
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The dependence on spacing, and therefore inter-particle coupling strength, for a trimer of 
nanorods has been addressed so far. The coupling strength however does not depend solely 
on the separation of the nanorods, but also on the number of nanorods within the array. 
Considering this, modelling of a nanorod array was also performed whereby the spacing was 
kept constant at either 10 nm or 40 nm, however, the number of interacting rods was varied. 
The results of this may be seen in Figure 5.25 including the spectra for a periodic array which 
represents an infinite number of interacting nanorods. This latter data was simulated using the 
previously described nanorod array model which harnesses the use of periodic boundary 
conditions.  
 
The results showed that with increasing number of nanorods in the array, once again a blue 
shift of the longitudinal mode occurred, along with a red-shift of the transverse mode. At a 
spacing of 40 nm these shifts were relatively small, with the longitudinal mode shifting from 
a wavelength of 618 nm for a single nanorod, down to 592 nm for ten interacting rods. At a 
spacing of 10 nm however, the shifts were much more pronounced with the longitudinal mode 
actually beginning to overlap that of the transverse mode for a ten particle nanorod array. 
 
 
Figure 5.25: Effect of number of interacting nanorods on the absorption efficiency for an array 
of side-by-side aligned gold nanorods of AR=3 and diameter 30 nm, excited using p-polarised 
light at 45°. The periodic array curve represents that of an infinite array of gold nanorods. 
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Figure 5.25 also highlights the effect of going from a finite number of interacting nanorods to 
an infinite array of nanorods. It was seen that for both spacing’s modelled, only a single peak 
was evident within the periodic array spectra, occurring at the transverse mode resonant 
wavelength. To confirm the longitudinal mode was not located at a wavelength above that 
shown, the wavelength modelled was extended in steps up to 3000 nm, with no additional 
peaks being noted. Although theoretically there should be a peak at higher wavelength 
attributed to the dark mode (anti-symmetric alignment of dipole moments), this is unable to 
be excited by linearly polarised light and therefore cannot be seen in these simulations (213). 
Based upon these results, it was therefore concluded that the longitudinal mode had blue-
shifted completely into the transverse mode. This large shift between the results of ten rods 
and a periodic array of rods, particularly for the 40 nm spaced nanorods, suggested that both 
the inter-particle coupling and the number of interacting rods were crucial towards the 
resonant wavelengths of the modes and therefore the coupling strength.  
 
The single peak seen within these simulations when using a periodic array of nanorods is 
similar to that seen in the UV-Vis results of Chapter 4 for short nanorods (Figure 4.18). In 
fact, a good comparison can be made as these also were measured to have an aspect ratio of 
three and spacing of 40 nm. Considering this, it would be expected to also match the UV-Vis 
result found for the larger aspect ratio nanorods (AR=18), which also had a spacing of around 
40nm. In this longer nanorod array the longitudinal mode red-shifted away from the transverse 
mode and occurred within the visible spectrum at approximately 660 nm. To verify this, 
further modelling was performed for increasing nanorod aspect ratios, however this time 
using only periodic nanorods and once again keeping the spacing constant at 40nm. The 
results of this can be seen in Figure 5.26.  
 
The extinction cross section was plotted rather than the absorption efficiency due to scattering 
being dominant in the larger aspect ratio nanorods, as shown later. Additionally the cross 
section was not given in terms of its efficiency as it allows the development of the individual 
modes to be better visualised. Taking the efficiency instead however shows a maximum in 
the longitudinal mode extinction efficiency at an aspect ratio of approximately 13, followed 
by a gradual reduced at higher AR’s. 
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Figure 5.26: Extinction cross sections for a 30 nm diameter nanorod array with a spacing of 
40nm and varying aspect ratio. The array is excited by p-polarised light at an angle of 
incidence of 20° in a vacuum.  
 
The results in Figure 5.26 showed that at an aspect ratio of three, once again only a single 
peak in the spectrum occurs, with the longitudinal mode therefore completely overlapped with 
that of the transverse mode. As the aspect ratio was increased however, the longitudinal mode 
was seen to emerge from the transverse peak at a slightly higher wavelength. This then red-
shifted with increasing aspect ratio of the nanorods, whereas conversely the transverse mode 
blue shifted. These shifts with respect to the aspect ratio agree with those found for an isolated 
rod of increasing length, as shown previously and as predicted by Gans theory (37). The largest 
difference however is in the rate at which this red-shift of the longitudinal mode occurred. For 
instance, referring back to Figure 5.11 which shows the results for an isolated nanorod with 
aspect ratio, the red-shift was very quick. In fact by an aspect ratio of five it had already begun 
to shift away from the visible spectrum. In contrast, in the periodic array of nanorods the rate 
of red-shift with increasing aspect ratio was much reduced so that even by an aspect ratio of 
18, the longitudinal peak is still only located around 600 nm. 
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This finding is in good agreement with that found in other work such as that of Evans et. al. 
(134). Similarly, it also fits with the trend shown in the experimental results of this work, 
whereby the longitudinal mode was red-shifted out of the transverse mode. Despite this 
agreement, there are some discrepancies in the absolute values. For example, the long 
nanorods of aspect ratio 18 shown in Chapter 4 were found to have a longitudinal mode 
located at approximately 660 nm. In the simulations however, this was shown to be at a 
slightly shorter wavelength of approximately 585 nm. This difference can be explained by the 
experimentally derived results being measured for nanorods embedded in the higher refractive 
index of alumina as compared to a vacuum in the simulations. The higher refractive index not 
only leads to an intrinsic red-shift in the resonance position, but it results in a reduced coupling 
strength that in turn would also red-shift the results. Indeed, if the media in the modelling is 
altered to have a refractive index of 1.6, as is assumed in other works studying AAO templates 
(214, 215), a closer match in resonance wavelength occurs at approximately 720 nm (not shown). 
This slight overestimation of the red-shift is possibly a result of variation in the actual lengths 
of the nanorod samples, possibly making them on average shorter than expected. Alternatively 
it may also be due to the refractive index of the AAO actually being less than the estimated 
n=1.6 value. For instance Gong et. al. (216) showed the refractive index of AAO membranes 
decreases with increasing pore size and thickness of the template. As this work did not use 
thin-film AAO, a reduction in the refractive index is therefore potentially likely to occur.  
 
Due to the good agreement of the model with the trends observed in the experimental UV-
Vis results, further features of the nanorod arrays could be simulated so as to provide more 
in-depth analysis and determine methods to optimise the plasmonic response of arrays. For 
example, the effect of spacing on periodic nanorod arrays with an aspect ratio of either three 
or seven was addressed, as seen in Figure 5.27 and Figure 5.28 respectively.  
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Focussing initially on the AR=3 periodic nanorod array, a result similar to that shown for a 
finite number of nanorods interacting was found. With decreasing spacing and therefore 
increasing coupling strength, the longitudinal mode was blue shifted towards that of the 
transverse mode whereby it eventually overlapped around a spacing of 40 nm to give a single 
peak. Additionally, a decrease in the absorption efficiency as the spacing is reduced is again 
also noted, attributed to the destructive interference between the modes of adjacent nanorods. 
The difference for this periodic array of nanorods however, was that a greater red-shift with 
spacing occurred compared to for instance, the nanorod trimer results shown previously in 
Figure 5.22. This spacing was easy to control using the AAO template fabrication method and 
therefore it allowed the fine tuning of the longitudinal resonance position. Although this was 
also possible by controlling the aspect ratio of isolated rods, these are typically made within 
solution and therefore have random orientations and spacing. In contrast, with the nanorod 
arrays there is complete control over the diameter, spacing, aspect ratio, and orientation of the 
nanorods therefore allowing these features to be optimised for specific applications.  
 
 
Figure 5.27: Effect of spacing on the absorption efficiency of a periodic array of nanorods with 
aspect ratio three in a vacuum (diameter of 30 nm).  
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The results for an AR=3 nanorod showed that by controlling the features of the array, the 
longitudinal resonant wavelength may be precisely tuned to occur up to a wavelength of 
around 600 nm. By harnessing longer aspect ratio rods however, this may be extended to 
cover the whole visible spectrum, as seen in Figure 5.28. 
 
 
Figure 5.28: Effect of spacing on the absorption efficiency of a periodic array of nanorods with 
aspect ratio seven in a vacuum (diameter of 30 nm). 
 
Studying these results showed that the same trends were seen to that of the aspect ratio three 
nanorod, whereby a decreasing spacing blue-shifts the longitudinal modes resonance position. 
Additionally however, further features were also present. For example, a mode in-between 
that of the transverse mode and the longitudinal mode was evident for the isolated nanorod or 
when the spacing was above around 70 nm. This was related to a higher order mode of the 
nanorod due to its increased length compared to the aspect ratio three nanorod. At smaller 
separations the longitudinal mode and the higher order mode overlapped, before then blue-
shifting into the transverse mode.  
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An additional benefit of modelling is the ease at which the absorption and the scattering 
efficiencies for the nanorod array could be calculated. As found within the experimental UV-
Vis measurements, when just the absorption by the array was determined, the longitudinal 
mode for high aspect ratio nanorods was relatively weak. This result is supported by the 
simulations. For instance, the absorption, scattering, and extinction efficiency for a number 
of periodic nanorod arrays with aspect ratios ranging from 3 to 15 were modelled, as seen in 
Figure 5.29. It was seen that at the shorter aspect ratios, absorption dominated and provided 
the largest contribution towards the extinction efficiency. On the other hand, as the aspect 
ratio increased, the absorption efficiency stayed relatively constant, however, the scattering 
became more prominent eventually becoming the major influence on the extinction 
efficiency. This result highlighted that the extinction of the nanorod samples, as typically 
given within works that study the optical properties, cannot be simply attributed to absorption 
by the sample, but instead has a more complex behaviour that is dependent on the geometry 
of the nanorods within the array. 
 
 
Figure 5.29: Optical cross section efficiencies for gold nanorod arrays of aspect ratio 3,7,11 
and 15. The diameter of the nanorods is 30 nm with 40 nm spacing and embedded in a vacuum. 
20° angle of incidence p-polarised light is used to excite the plasmonic modes.  
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In addition to the above results, the effect of the angle of the incident light with respect to the 
resonant wavelength of the longitudinal mode in a periodic array was modelled, as seen in 
Figure 5.30. An interesting result is shown whereby in contrast to that previously described 
for isolated nanorods in Figure 5.21, the resonant wavelength of the longitudinal mode was 
dependent on the angle of incidence. For instance, as the angle of incidence was increased, a 
blue-shift in the longitudinal resonant wavelength occurred. This was fairly gradual at low 
angles, however increased significantly for the higher angles of incidence.  
 
 
Figure 5.30: Resonant wavelength of the longitudinal mode with angle of incidence for an 
aspect ratio 3 nanorod array using p-polarised light. The nanorod diameter is 30 nm and the 
spacing is 80 nm. 
 
This angular dispersion supported that found in other work for parallel aligned nanorod arrays 
(134, 194, 217) as does that of the dependence they have on spacing and aspect ratio. These 
properties may be explained by the concept that the longitudinal mode does not follow the 
same relationship as it does for individual nanorods, but instead that it forms a collective 
coupled mode based around the individual nanorods interacting with those adjacent. This 
coupling within the array is reliant on the inter-particle coupling strength, whereby stronger 
interactions between the nanorods enhances the generation of the collective mode. As 
previously discussed, this collective mode of the array is different from that of an isolated 
nanorod as, according to the plasmon hybridisation theory, it splits into a blue-shifted bright 
mode with symmetric dipole moments and a red-shifted dark mode with anti-symmetric 
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dipole moments. Additionally, as predicted in simulations by Wurtz et. al. (133)  and Fiehler et 
al. (136), the electric field distribution for the blue-shifted coupled mode changes significantly 
compared to that for an isolated nanorods longitudinal mode in that it is no longer restricted 
to the nanorod ends. Instead the electric field was found to concentrate at the centre of the 
nanorod, with the fields extending away perpendicularly from the nanorod edge, as well as 
also being prominent within the nanorod itself. Based upon this, it was concluded by the 
authors of each work that the mode simulated is propagating along the array.  
 
To verify this result, the electric field distributions for the periodic nanorod arrays simulated 
within this work were plotted at varying inter-particle spacing, as shown in Figure 5.31. It 
should be remembered at this point that the periodic arrays modelled within this work use 
Floquet boundary conditions on the side walls to represent an infinite array. In this regard, the 
images shown are for a unit cell that include just a single nanorod for each spacing.  These 
however represent a single nanorod within an infinite array of parallel nanorods and therefore 
may be tessellated horizontally infinitely.  
 
 
Figure 5.31: Electric field distributions for the longitudinal mode of periodic gold nanorod 
arrays with spacing. The nanorods are 30 nm in diameter and AR=7. The incident light is p-
polarised at 20°.  
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The wavelengths used in the above plots refer to the resonant wavelength of the longitudinal 
mode and are not to be confused with higher order modes. As demonstrated previously, as the 
spacing was reduced, the resonant wavelength blue-shifted due to the stronger inter-particle 
coupling strength. At large separations the distribution of the electric field matched that of the 
longitudinal mode seen in isolated nanorods with a dipolar characteristic.  As the spacing was 
reduced however, a dramatic change to the electric field distribution occurred where it shifted 
towards the centre of the nanorod and propagated towards the simulation side boundaries. As 
the fields were seen to extend right up to the boundary of the simulation this would therefore 
represent an electric field that is coupled to the nanorods adjacent to it.  
 
Alternatively, by plotting the Poynting vector, the energy flow within the array may be 
visualised. This is shown within Figure 5.32 for both an isolated nanorod (a) and a periodic 
nanorod (b) so as to compare the difference. The unit cell of the periodic array has been 
repeated four times so as to better analyse how the electromagnetic energy flows between the 
nanorods and visualise the coupling.  
 
 
Figure 5.32: Electric field distribution (colour plot) and Poynting vector (arrows) for an a) 
isolated and b) periodic array of nanorods of aspect ratio 7. The diameter of the nanorods is 30 
nm and the incident light is p-polarised at an angle of 20°. 
 
Studying the arrows within Figure 5.32 which represent the electromagnetic energy flow, it 
was clear to see a large difference occurred when placing the nanorods within an array as 
compared to when they are isolated. For instance, in an isolated nanorod the energy flow 
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travelled predominantly parallel to the nanorod, along its length. On the other hand, for the 
nanorod array the electromagnetic energy was seen to convert towards a direction that is 
perpendicular to the long axis of the nanorods. In this scenario, the electromagnetic energy is 
capable of travelling between each of the nanorods in the array and therefore to propagate 
along it. This result supports that found by Wurtz et al. (133) and  has important implications 
for potential applications such as in the development of waveguides. Additionally, it signified 
that the optical properties of nanorod arrays are much more complex than those found for just 
single isolated nanoparticles, and that by controlling the coupling strength, a degree of control 
over both the spectral positon of the resonances and the spatial location of the electric field 
may be achieved. 
5.6.3 Plasmonic Nanorod Arrays on Gold Substrates 
So far the optical properties of isolated nanorods have been studied and compared to those 
where coupling with either a substrate or other particles is prominent. These different coupling 
types were separated initially so as to effectively analyse the individual effects of each, 
however, they are now addressed together. This aimed to represent a plasmonic nanorod array 
that is supported upon a gold substrate as in those fabricated within this work.  
 
Firstly, a nanorod array stood vertically on a 150 nm gold substrate was simulated, as in Figure 
5.33. This was compared to the results previously found for an unsupported nanorod array, 
and that of a supported and unsupported isolated nanorod of the same dimensions. It may be 
seen that the nanorod array supported on the gold substrate was red-shifted in comparison to 
that of the nanorod array without a substrate. This therefore followed the same trend as that 
seen within section 5.6.1 where it was found that gold nanoparticles placed on a gold substrate 
underwent strong coupling that significantly red-shifted the resonant wavelength. On the other 
hand, the red-shift observed was much smaller than that seen for single supported nanorods, 
with the longitudinal resonance occurring at around 690 nm compared to approximately 980 
nm. This was due to the previously described blue-shifts associated with coupling between 
side-by-side orientated nanorods.  
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Figure 5.33: Comparison of absorption efficiency for a periodic array of nanorods (solid lines), 
both in a homogeneous medium (n=1) and supported on a 150 nm thick gold substrate. 
Additional dashed lines represent single nanorods not in an array, again in a homogeneous 
medium and supported on a gold substrate. P-polarised light at an angle of incidence of 20° 
was used in all these simulations. The nanorods in the arrays had a spacing of 80 nm. 
 
If the absorption efficiency instead of the resonant wavelength was analysed, a similar 
observation was made. For instance, the nanorod array on the gold substrate was also 
predicted to have an increased longitudinal absorption efficiency compared to that of an 
unsupported nanorod array. Once again this is as expected based upon the results in section 
5.6.1 for substrate-particle coupling effects. This increase however was again not as great as 
that seen when comparing a single isolated nanorod to one placed upon a gold substrate. This 
is due to the nanorods within the array coupling together, resulting in either the destructive 
interference of the longitudinal modes, or potentially the redistribution of the electric field 
away from a strong dipolar mode towards the centre of the nanorods. 
 
Considering these results in more detail, it was therefore hypothesised that when a nanorod 
array is placed upon a gold substrate, both particle to particle, and substrate to particle 
coupling occurs. In the first scenario, the nanorods are aligned in a side-by-side manner, which 
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as predicted by the plasmon hybridisation theory, gives rise to a blue-shift in the longitudinal 
mode depending on the coupling strength (bright-mode only). Alternatively, the nanorods on 
a substrate can also be thought of as coupling with their substrate images. This would 
represent an end-to-end orientation of the nanorods, which again according to the plasmon 
hybridisation model, would result in a red-shift of the bright longitudinal mode the degree of 
which is related to the coupling strength. In the current system, where both these coupling 
types occur, there is therefore a trade-off between the contrasting coupling effects. In this 
situation, the spectral shift or alternatively the change in absorption efficiency, is then 
dependent on the relative coupling strengths of each interaction.  
 
This finding is believed to have beneficial implications with regard to achieving a high 
absorption over the visible wavelength range when using gold nanorods. For example, by 
placing the nanorods on top of the gold substrate, a large enhancement in the absorption 
efficiency may be achieved. Unfortunately this also results in an undesired red-shift away 
from the visible region, even for small aspect ratio nanorods. To counteract this, the nanorods 
may be coupled together in a side-by-side array. This has the effect of blue-shifting the 
resonance back into the visible spectrum, albeit with a degree of reduction in the absorption 
efficiency. It is therefore proposed that with careful control over the coupling strength in the 
array, the resonant wavelength may be tuned throughout the visible spectrum whilst still 
partially benefitting from the enhanced absorption efficiencies.  
 
This principle is demonstrated in Figure 5.34 for an aspect ratio three nanorod array with 
varying spacing, supported on a gold substrate. For comparison, single unsupported nanorods 
of aspect ratio three and four are also included as represented by the dashed and dotted lines 
respectively. It may be seen that by controlling the spacing of the supported nanorod array, 
the resonant wavelength of the longitudinal mode could be tuned throughout the visible 
spectrum. Additionally, although a large decrease in the peak absorption efficiency occurred 
as the spacing was reduced, the levels achieved are still greater than those found for isolated 
rods without a substrate. This was particularly evident towards the shorter wavelengths, 
around that of the transverse mode and below. It is believed this is due to the coupling between 
the transverse modes being enhanced due to the stronger local field strengths above the 
substrate. As the transverse mode coupling is constructive rather than destructive as in the 
case of the longitudinal modes, this leads to the high absorption efficiencies.   
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Figure 5.34: Absorption efficiency for a gold nanorod array stood vertically on a gold substrate 
at varying spacing. Here the aspect ratio of the nanorods is three and the substrate thickness 
is 150 nm. The dashed and dotted line represent isolated unsupported nanorods of aspect ratio 
three and four respectively. 
 
In addition to the above results, once again the electric field distribution was analysed. This 
is shown for an AR of seven nanorod so as to compare with the unsupported nanorod arrays 
shown previously. As before, the mode at the highest wavelength is plotted, this being that of 
the longitudinal mode, as a functions of decreasing spacing. This is shown in Figure 5.35. 
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Figure 5.35: Electric field distributions for the longitudinal mode of periodic gold nanorod 
arrays stood vertically on a 150 nm thick gold substrate with spacing. The nanorods are 30 nm 
in diameter and AR=7. The incident light is p-polarised at an angle of 20°. Each plot is taken 
at the resonant wavelength of the lowest energy peak, therefore representing the longitudinal 
mode. 
 
The electric field distribution of the supported nanorod array at a larger spacing of 200 nm 
was seen to very similar to that seen previously for a single supported nanorod. The electric 
field was concentrated primarily at the top end of the nanorod. As the spacing was reduced 
however, a change in the electric field distribution was seen to occur whereby the field was 
no longer strongest at the nanorod end, but instead spanned down the length of the nanorod 
before expanding to give particularly high field strengths along the surface of the substrate. 
As these fields were seen to spread to the side boundaries of the simulation they would 
therefore couple to the adjacent rods in the array.  
 
This coupling can be visualised by once again plotting the Poynting vector, as shown in Figure 
5.36 for a single supported nanorod, as well as the periodic array of supported nanorods.  
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Figure 5.36: Electric field distribution for a) a single supported nanorod, b) a periodic array 
of supported nanorods, both at their longitudinal resonant wavelengths. The arrows represent 
the Poynting vector for each scenario. P-polarised light is incident at 20° angle of incidence. 
All nanorods are 30 nm in diameter and AR=7. 
 
Firstly, the power flow and electric field distribution related to the single supported nanorod 
showed that, as expected, the field was strongest at the end of the nanorod. The power flow 
then circulates around this end before flowing back in towards the nanorod. In contrast, the 
periodic array of nanorods did not have the electric field localised towards the top of the 
nanorod, but as mentioned previously, it concentrated towards the base of the nanorod and 
along substrate surface. This results in the power flow also being markedly different whereby 
it radiated out from the nanorod base into the embedding media. This began to once again 
circulate back round, however at this point it was seen to interact with the adjacent nanorod 
and the process is repeated. This therefore again caused the power to flow between the 
adjacent nanorods of the array and in doing so, propagate along it. This matches the result 
found for the unsupported nanorod array, although the breaking of symmetry caused by the 
substrate stops the power flow being restricted to the centre of the array.  
5.7 Summary of Results 
In conclusion, the modelling performed in this thesis has allowed the analysis of plasmonic 
nanorods and in particular has addressed the effect that coupling has, both with a substrate, 
and with other nanorods within an array. For example, after initial validation of the model 
against Mie theory, the scope was expanded to simulate single isolated nanorods with regards 
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to effects of size, environment, and material. It was found that a diameter of around 30 nm 
typically gives the highest absorption efficiencies, and that by controlling the aspect ratio and 
material, the absorption may be tuned throughout the visible spectrum. Furthermore, if the 
nanorods are to be coated in a TiO2 shell for photocatalytic purposes, a thickness of around 6 
nm is predicted to be optimum.  
 
Alternatively, in regards to coupling with a substrate, it was found that a metallic substrate 
leads to both a red-shift and an increase in the absorption efficiency compared to nanoparticles 
in either a vacuum or on a dielectric substrate. These coupling effects were amplified as the 
nanoparticle was brought closer to the substrate, as long as p-polarised light is used for 
excitation. With gold nanorods stood vertically on a gold substrate for instance, the red-shift 
and increase in absorption efficiency observed was very large. This was attributed to the 
nanorods longitudinal mode coupling with the substrate, analogous to nanorods in an end to 
end configuration. This configuration may therefore prove useful in systems that require large 
absorption of light, such as in plasmonic photocatalysis. 
 
The modelling performed on arrays of side-by-side orientated nanorods showed that coupling 
of the longitudinal modes results in the opposite effect in that a blue shift in the resonant 
wavelength occurs along with a decrease in the absorption efficiency. It was also shown that 
the degree of these effects are dependent on the strength of the inter-particle coupling, which 
increases with decreasing separation distance and reduced refractive index of the surrounding 
environment.  This therefore allows a further mechanism to control the resonant wavelength 
of the arrays instead of relying solely on the aspect ratio. For instance, even very long aspect 
ratio nanorods (AR=18) were found to be able to support a longitudinal mode in the visible 
spectrum under the right coupling conditions.  
 
Interestingly, these nanorod arrays also showed additional effects whereby the longitudinal 
resonant wavelength was found to vary with the angle of the incident light. Additionally, 
electric field plots revealed that a drastic change in the electric field distribution occurs when 
under strong coupling. This is that the fields move from being localised at the end of the 
nanorods, as typical for the longitudinal mode, to being concentrated within the centre of the 
array. This is also matched by the power flow altering so that it travels between adjacent 
nanorods and essentially propagates along the nanorod array.  
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Lastly, the knowledge gained from modelling the substrate-particle coupling and particle-
particle coupling was applied to analyse a nanorod array stood vertically on a gold substrate, 
therefore representing those fabricated in this work. It was found that in this scenario, 
coupling with both the substrate and the other particles in the array occurs. This results in a 
trade-off between the opposing coupling effects that is dependent on the relative coupling 
strengths of each. This was shown to again provide a controlled means to tune the resonant 
wavelength throughout the visible region, plus was also seen to give an enhancement over 
that found for isolated non-coupled nanorods. Finally, the electric field and Poynting vector 
was also plotted for these supported nanorod arrays. Once again a redistribution of the electric 
field is seen so that it localises towards the base of the nanorod, with the power flow again 
showing that light is able to propagate parallel to the inter-particle axis along the array.  
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6 ELECTRON ENERGY LOSS 
SPECTROSCOPY  
So far the work in this thesis has focused on the optical characterisation of the plasmonic 
nanorods via excitation with light. For example, UV-Vis measurements were performed on 
the fabricated arrays in Chapter 4, and FEM modelling using plane waves was shown in 
Chapter 5. Although this characterisation using optical spectroscopy is practical due to the 
plasmonic resonances studied typically lying within the visible or near infrared region, there 
are a number of drawbacks that inhibit a full characterisation of the nanorod arrays. Firstly, 
as previously mentioned, the dark modes of the nanorod arrays that are predicted in theory by 
the plasmon hybridisation model cannot be excited by light. This is due to the dark mode 
representing an anti-symmetric configuration of the individual nanorods dipole moments, 
therefore meaning the excitation must also be anti-symmetric, such as a point source. As will 
be shown in this chapter however, by using an electron beam as the excitation source both the 
blue-shifted bright mode (high energy) and the red-shifted dark modes (low energy) may be 
excited and characterised by electron energy loss spectroscopy (EELS).  
 
This complete characterisation of the plasmonic resonances in nanorod arrays is important 
not just from a fundamental point of view in understanding the hybridisation and coupling 
between nanoparticles, but may also be crucial in practical applications. For example, dark 
plasmonic modes are known to be able to store electromagnetic energy more efficiently than 
the bright modes due to a reduction in their radiative losses (213). This gives them great 
potential in low-loss waveguides (218). In addition, the reduced losses leads to the dark modes 
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having a reduced spectral linewidth which may prove particularly useful in sensing 
applications (219). 
 
Characterisation using electron microscopy is also useful in characterising the near-field 
properties of plasmonic nanoparticles. Although the simulations shown in the previous 
chapter may predict this near-field response, obtaining experimentally derived analysis in 
fabricated samples by optical methods remains challenging. This is due to the inherent 
disadvantage that the spatial resolution is limited by the diffraction limit, which in this context 
is typically hundreds of nanometres. On the other hand, by using a scanning transmission 
electron microscope (STEM) sub-nm resolution is achievable, which by rastering the electron 
beam, can build up information over a larger area. Additionally, by collecting and analysing 
the signals produced by interaction of the electron beam with the sample, detailed information 
may be acquired. One particular signal is that of electron energy loss (EEL). As discussed in 
more detail later, this allows the analysis of plasmonic modes in addition to information on 
elemental composition and electronic structure (220). 
 
This chapter will begin by giving a brief overview of the experimental methods used within 
this chapter. This will include an introduction to STEM followed by an explanation of the 
EELS technique. In this section, particular emphasis is given to how EELS may be used to 
characterise the plasmonic resonances of nanoparticles, in addition to an explanation of the 
post processing that is required to analyse the data. This then leads on to an additional 
explanation of the methods used in the production of an FEM model that in contrast to the 
previous chapter, uses electrons as the excitation and measures the electron loss probability. 
This is used to model and interpret the experimental work outlined in this chapter. Lastly, the 
results from the EELS modelling and EELS experiments is presented. This includes analysis 
and visualisation of the dark mode formed by coupling within a side-by-side nanorod array, 
which is believed to be an original finding. The sample fabrication and subsequent conversion 
into a cross-sectional, thin TEM sample for these experiments has been shown previously in 
Chapter 3, and therefore is not repeated here. 
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6.1 Overview of Transmission Electron Microscopy 
6.1.1 Basics of TEM and STEM 
Transmission electron microscopy (TEM) is a thoroughly established technique that has been 
extensively covered before in many books (221). In this sense, only a brief description of the 
underlying principles is addressed here. 
 
TEM is a technique where electrons are transmitted through a sample. In doing so the 
electrons undergo an interaction with the material, which in turn may be detected and used 
for analysis. These electrons are typically produced via a applying a high voltage to either a 
tungsten filament or a lanthanum hexaboride crystal (LaB6), before focussing them into an 
electron beam by means of a Wehnelt cylinder (221). This electron beam is then accelerated 
towards the sample and focussed upon an area by means electromagnetic condenser lenses. 
In conventional TEM (CTEM), the area covered by this beam of electrons addresses the entire 
region of interest simultaneously. On the other hand, in a variation of this technique known 
as scanning transmission electron microscopy (STEM), the electron beam is focussed into an 
extremely small probe, and scanned in a serial raster pattern across the sample. The interaction 
at each point is then monitored and recorded to build up an image over a larger area (222). 
 
Before outlining the specific operation of each case, an overview of the how an electron beam 
interacts with a thin sample will be given, as shown in Figure 6.1. Firstly, for a high energy 
electron beam impinging on a thin (<100 nm) sample, a number of the electrons will be able 
to penetrate the sample and emerge the other side. These electrons will have either passed 
through the sample without interacting with any of the material, or alternatively, will have 
been scattered. This scattering occurs in two ways, namely elastically where the energy of the 
electron does not change, or inelastically whereby a proportion of the energy is lost. Focussing 
firstly on elastically scattered electrons, although the energy of the electron remains 
unaffected, the direction of the scattering may vary significantly. For instance, if an electron 
passes close to the nucleus of an atom, columbic interaction may cause the electron to scatter 
over large angles (>5°), known as Rutherford scattering. If however, the electron passes far 
away from the nucleus and therefore only interacts with an electron cloud, the scattering angle 
is much less. Alternatively, electrons that undergo inelastic scattering generally only have a 
low scattering angle. The inelastic reduction in energy is then caused by a number of 
interaction processes that occur with the sample. These include phonon excitation based 
around atomic vibrations, single electron excitation related to ionisation of an atom, radiation 
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losses with regards to the emission of photons, or lastly resonant collective oscillations of 
either bulk or surface valence electrons (plasmon excitations), as in the basis of this work (220). 
 
 
Figure 6.1: Schematic diagram of an electron beam interacting with a thin sample. Ebeam is the 
energy of the incident beam, whereas E is the energy lost during an interaction. 
 
Focusing once again on the operation, a schematic diagram of the instrumentation used in 
both CTEM and STEM, along with a representation of the electron beams in each is shown 
in Figure 6.2. As previously mentioned, both systems first use electromagnetic condenser 
lenses (also called probe-forming lenses or objective lens in STEM), to initially focus the 
beam on the sample. This is generally done from the bottom of the column in a dedicated 
STEM as opposed to from the top of the column in CTEM, however the principle remains the 
same. The electrons are then subsequently transmitted though the thin sample whereby they 
may go through some interaction as already discussed. In CTEM these transmitted electrons 
are collected by an objective lens (not to be confused with that in STEM), where they are 
focussed onto an objective lens image plane. A series of additional intermediate and projector 
lenses then further magnifies this image on to either an electron florescent screen or TV 
camera. Alternatively, the electrons may be sent into an EELS spectrometer for analysis, as 
covered within section 6.2 of this chapter. 
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Figure 6.2: a) Schematic diagram of the components in a CTEM and STEM (223), b) Schematic 
representation of the electron beam in both a CTEM and STEM instrument (222). 
 
In a STEM instrument on the other hand, the transmitted electrons are not focused by any 
electromagnetic lens after the sample, but instead collected by a number of detectors that 
record the intensity. As the scan coils move the beam over the sample in a raster scan, the 
transmitted intensity over a certain angular range of scattering at each location is measured, 
and subsequently combined to give an overall image. Once again, the electrons may also be 
directed into an EELS spectrometer. One particular benefit of this STEM technique over 
CTEM is the reduced reliance on electromagnetic lenses, with in principle only the probe-
forming lens required. As each lens naturally has a degree of aberration, whereby the image 
is not focussed on a single image plane but deviates slightly, this leads to improved resolution, 
as covered within the following section. 
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6.1.2 Improving Resolution 
6.1.2.1 Spatial Resolution 
The spatial resolution using a STEM setup is governed primarily by the electron probe size 
on the sample after being focused by the probe-forming lens. This in general may be reduced 
down to diameters of between 0.2-0.5 nm, however it is limited by the lens aberration (224). 
These lens aberrations must therefore be corrected in order to improve the spatial resolution. 
 
With regards to the aberrations, these may be split into two categories, namely 
monochromatic aberrations and chromatic aberrations. Monochromatic aberrations refer to 
aberrations that are still present even when using a monochromated electron source, and are 
instead as a result of the lens geometry. Chromatic aberrations on the other hand are as a result 
of electrons with varying wavelengths naturally being focussed on different points according 
to their wavelength. The monochromatic aberrations can again be divided up into spherical 
aberration, astigmatism, coma, field curvature, and distortion (222). Of these, spherical 
aberration is of particular importance. Despite this, recent advancements have allowed the 
spherical aberrations to be corrected for by the use of what is known as a quadrupole-octupole 
corrector (225). This works by applying negative spherical aberration to cancel out the positive 
spherical aberration of the probe forming lens which in turn can lead to significantly improved 
resolution, with even sub-angstrom levels now achievable (226).  
6.1.2.2 Energy Resolution 
In line with the spherical aberration correction, chromatic aberration must also be addressed 
so as not to be the limiting factor. This may be achieved by ensuring the electron source has 
a low energy spread, with typically less than 0.3 eV spread being required (226). In order to 
achieve this a cold field emission tip is generally used (222). As will be shown later, this low 
energy spread is useful not just in terms of limiting aberrations, but also for the energy 
resolution in EEL spectroscopy (EELS). In this sense, a monochromator further allows a 
reduction in the energy spread, with less than 20 meV now possible (227). 
6.1.3 Imaging 
In a CTEM the transmitted electrons are directly focused via an objective lens through an 
objective aperture onto the florescent screen. If only the direct beam is allowed through the 
aperture, the areas of the sample with high mass or thickness show up as dark due to partially 
blocking (absorbing or high angle scattering) of the electrons. As areas with no sample do not 
affect the beam however, this gives a bright background and is therefore known as bright field 
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imaging. Alternatively, if the aperture is aligned to only allow through the scattered electrons, 
areas where the electrons have had strong interaction with the sample appear brighter. This is 
instead called dark field imaging due to its dark background in the absence of matter (228).  
 
For STEM on the other hand, the lack of a lens or aperture after the sample means this 
approach may not be used. Instead the images are formed by having detectors at varying 
angles with respect to the sample. A bright field detector for instance is placed in line with 
the optical axis of the beam and therefore once again shows the particles as darker regions 
upon a bright background. This is particularly useful for identifying fine detail and is more 
affected by lighter elements. Alternatively, detectors may be placed at an angle away from 
that of the main beam. The most common of these is the high angle annular dark field 
(HAADF) detector. This is placed at a large angle so that only the electrons that have 
undergone elastic scattering with large deviations in direction (Rutherford scattering from 
atomic nuclei) are collected. At these large angles, the signal intensity can be directly related 
to the thickness of the sample or its atomic number (229). The high angle also results in none 
of the Bragg diffracted electrons being collected which allows improved resolution due to 
elimination of diffraction contrast (229). Furthermore, as seen in Figure 6.3 , the lack of an 
aperture means the HAADF images may be collected simultaneously with other signals such 
as energy-dispersive x-ray spectroscopy (EDX), medium angle annular dark field (MAADF), 
low angle annular dark field (LAADF) and bright field (BF) (230). Alternatively, the bright 
field detector may be removed completely so as to allow the inelastically scattered electrons 
to enter the EELS spectrometer, as discussed within the following section.  
 
 
Figure 6.3: Schematic diagram highlighting the parallel imaging capabilities of STEM along 
with examples of BF and HAADF images. L represents the camera length which is the distance 
or magnification between the sample and detector (230). 
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6.2 Overview of Electron Energy Loss Spectroscopy (EELS) 
6.2.1 Introduction to EELS 
Electron Energy Loss Spectroscopy is an incredibly versatile and information rich technique 
that is particularly useful for analysing the structural, electrical, and chemical properties with 
excellent spatial and energy resolution unrivalled by other techniques (231). For example, the 
electronic properties in the form of localised surface plasmon resonances may be studied as 
is the subject of this thesis.  
 
The technique works by analysing the inelastically scattered electrons in terms of the energy 
lost during interaction with the sample. This energy loss may be represented by a spectra, as 
well as being filtered over energy ranges and recombined to give spectroscopic imaging (SI) 
maps (220). As the energy lost during an interaction is directly dependent on both the chemical 
and electronic properties at that specific location, this information may be analysed to reveal 
the local properties such as the elemental composition or formation of plasmonic resonances. 
Additionally, when combined with STEM (STEM-EELS), particularly on monochromated 
aberration-corrected electron microscopes, this may be achieved with sub-Angstrom 
resolution therefore meaning probing single atoms becomes a possibility (231, 232).  
 
 
Figure 6.4: Typical EELS spectrum with linear intensity showing the zero-loss peak (ZLP), 
plasmonic modes of the low loss region, and ionisation edges of the atoms in the higher energy 
core loss region (223). 
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A typical EELS spectra is shown within Figure 6.4. The x-axis represents the energy loss of 
the incident electron in eV, whereas the y-axis shows the intensity of the signal which is in 
arbitrary units and relates to the count of electrons. The intensity shown has a linear scale, 
although a gain change of 100 times is shown schematically at approximately 150 eV.  
 
The first peak with the highest intensity, is apparent at 0 eV and is known as the zero loss 
peak (ZLP). This peak is formed due to the contribution of unscattered or elastically scattered 
electrons which do not undergo an energy change on interaction with the sample. Considering 
this, the ZLP width is therefore dependent on the energy spread of the electron source, which 
as previously mentioned may be reduced down to 0.3 eV using a cold field emission gun 
(FEG) electron source (226). The energy resolution of the instrument is then defined based 
around the full width at half maximum (FWHM) of the ZLP. Despite the cold FEG emission 
source giving a reduced energy spread compared to other emission sources, this may still be 
unsatisfactory in certain cases to probe the very low-energy loss interactions. For example, 
the excitation of phonons typically occurs in the energy range of 10-100 meV (220). These 
would therefore contribute to the ZLP making these interactions indistinguishable. Similarly, 
as seen within this work, the plasmonic resonances of certain nanoparticles may lie within the 
visible to infrared region and also be characterised by relatively sharp peaks. This is the case 
for the dark modes of gold plasmonic arrays which are significantly red-shifted and therefore 
occur at relatively low energies. To identify these peaks and accurately resolve the plasmonic 
modes, in recent years the inclusion of a monochromator has been used to improve the energy 
resolution to less than 20 meV (227). This is generally at the expense of probe current, however, 
leading to a deterioration in the signal-to-noise ratio (223, 233). Despite this, the improved energy 
resolution, coupled with the excellent spatial resolution achieved in STEM, means analysis 
of complex plasmonic nanostructures may be achieved. 
 
The above interactions occur in what is known as the low-loss region which typically extends 
to around 50 eV. Beyond this is the high-loss region which instead extends up over a thousand 
eV. In this region, the energy losses are in general as a consequence of excitation of the inner 
shell “core” electrons of an atom. These ionisation events are characteristic of the atom being 
probed and result in the formation of steps in the EELS spectra, known as ionisation edges. 
The energy, intensity, and shape of these ionisation edges may then be used to identify the 
chemical element amongst other information. The electron energy loss near edge structure 
(ELNES) on the ionisation edge gives information on the bonding and local structure, whereas 
the extended electron energy loss fine structure (EXELFS) at higher energies gives 
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information on the bond lengths and coordination number (220).  This analysis in the high-loss 
region is generally referred to as core-loss and may be recorded simultaneously with the low-
loss spectra, HAADF imaging, and EDX spectra to provide a thorough analysis of the sample 
characteristics (234).  
6.2.2 Measuring Plasmons with EELS 
Although the previous section outlines the versatility of the EELS technique, from now on 
the focus will only be addressed to the low-loss region between typically 0-3 eV where 
plasmonic resonances of gold nanoparticles dominate. Unfortunately, this low energy region 
(and in particular for energies below 1 eV), is susceptible to interference with the tail of the 
ZLP and therefore state of the art equipment is required to reduce the energy resolution and 
accurately resolve the plasmonic modes, as achieved in this work. The specific equipment 
used for data collection in this work is outlined in section 6.3.1, however, here the concept 
relating to how plasmons may be excited by an electron beam is discussed. 
 
Firstly, considering the electron beam within the TEM/STEM, this may considered to be the 
same as a current carrying wire whereby an electric field is formed that radiates radially away 
(235). This electric field then excites the LSPR of the nanoparticle. This is best achieved when 
the electron beam is located adjacent to the nanoparticle and has its incident field normal to 
the surface of the nanoparticle (233) . Once a plasmonic resonance of the nanoparticle is excited, 
the oscillating electrons associated with the plasmon induce an electric field themselves. This 
induced field is both spatially and energy dependent, as shown for instance in the other 
sections of this work, and acts back on the incident electric field of the electron beam. The 
electrons in the beam then lose a degree of energy as they encounter this induced field, which 
may be detected by the EELS spectrometer to produce a spectra (233). Under a STEM setup 
the EELS spectrum at each probe location may be stored and mapped depending on a chosen 
energy range whereby contrast is formed based on the intensity of the selected EELS signal 
(236). This method is known as spectrum imaging (SI) and therefore allows the visualisation of 
the plasmonic resonances of a sample. A more detailed description of the method behind SI 
maps is given within section 6.2.4. 
 
In contrast to excitation by light, the electric field incident on the nanoparticle from the 
electron beam is also able to excite dark plasmonic modes (237). This therefore allows EELS 
to characterise both the plasmonic bright and dark modes of nanoparticles as seen within other 
works (237-239) and as will be demonstrated later.  
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6.2.3 Operating Concept 
Following on from the description of the EELS technique and how it may be used to measure 
plasmons, a brief explanation of the operating concept will be given. As already explained, 
EELS works by detecting the energy loss of inelastically scattered electrons after interacting 
with the sample. This energy loss is detected by allowing the electrons to pass through an 
aperture and into an EELS spectrometer. The aperture acts to limit the effect of aberrations in 
the spectrometer and restrict the electrons to those which have been scattered up to a certain 
scattering angle (220, 240). The spectrometer most commonly used is that of a magnetic prism 
spectrometer. This operates in general by separating the electrons based upon their velocity, 
and therefore kinetic energy, with a magnetic field according to the Lorentz force (240). This 
resultant spatial dispersion of the electrons by their energy loss is then focused on a scintillator 
and CCD camera, whereby the electrons are measured according to their displacement and 
used to form a spectrum. In STEM, the serial nature of the scanning builds up a spectrum for 
each location probed with the spatial resolution dependent on the electron probe size. The 
energy resolution of the spectra is a function of the spread of the electron source, the resolution 
of the spectrometer, and the resolution of the EELS detector (220). This process is summarised 
in Figure 6.5. 
 
 
Figure 6.5: Schematic representation of a STEM-EELS instrument highlighting the operating 
principle of the spectrometer and EELS detector (241). 
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6.2.4 Data Analysis 
As shown, the EELS technique is incredibly information rich. In this sense data analysis is 
often required in order to process the information and successfully analyse the interactions 
that are occurring. This section will focus upon the data analysis methods used throughout 
this work. It should also be noted that the EELS measurements were performed in STEM 
mode and analysed using the software Digital Micrograph by Gatan Inc. (242). Additionally, 
only the low-loss region is discussed as relevant to the plasmonic interactions. 
 
As previously mentioned, the raw data consists of an EELS spectra for every location that is 
scanned. These are combined into a three-dimensional image, known as a spectrum image 
(SI) map, whereby for example the x-y pixels contains the spatial information and the z-pixels 
contain the EELS spectra. By selecting an energy range within the EELS spectra, an SI map 
can be produced whereby each pixel of the image has contrast according to the integral of 
signal intensity over the selected energy range. This allows a spatial visualisation of where a 
certain energy loss occurred and therefore allows the induced electric fields associated with 
the plasmonic resonances to be visualised. This concept is summarised in Figure 6.6 for the 
example of a nanorod whereby the SI map is formed over the longitudinal mode energies. 
 
 
Figure 6.6: Illustration of the concept behind the SI mapping of plasmon resonances acquired 
using a STEM-EELS technique. A gold nanorod is used as the example where the energies 
relating to the longitudinal mode are mapped. 
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The spatial resolution shown in Figure 6.6 is theoretically only limited by the size of the 
electron probe. Realistically however, other factors must be taken into account. For example, 
there is a degree of time taken to acquire a spectra at each pixel, which is then multiplied by 
the image size to get an overall acquisition time. Consideration therefore needs to be given in 
regards to the available time to run the experiment, as well as factors such as hydrocarbon 
contamination, sample damage and spatial drift if the acquisition time is too long (233). On the 
other hand, the spectra needs to be acquired over a sufficient time such that a quantifiable low 
noise signal is produced (243). 
 
In addition to the SI maps, it is also useful to analyse how the EELS spectra vary spatially. 
This is performed by creating a region of interest (ROI) in digital micrograph that 
encompasses a number of x-y pixels. The spectra from each of these pixels is then summed 
together to show a composite spectrum for that region. This not only reduces noise in spectra, 
but also allows the identification of peaks at different locations and may also help with the 
selection of energy windows for SI mapping. Unfortunately, as previously discussed the peaks 
arising from plasmonic resonances are often hard to distinguish due to them overlapping with 
the tail of the ZLP. To improve this, a background removal is often required on these spectra 
whereby the ZLP is extrapolated and removed. Alternatively, the use of cold FEG emission 
sources and a monochromator also gives the ability to drastically reduce the energy resolution 
and tail of the ZLP, making these interferences less likely (241). For this reason, ZLP removal 
was generally not necessary in this work.  
 
Lastly I will discuss two data analysis techniques used specifically in this work, namely the 
normalisation of SI maps with respect to the background, and the generation of large scale SI 
maps. The normalisation of the SI maps was performed in certain locations where the 
background to the nanorods consisted of areas of both alumina template and vacuum. When 
this was the case, the SI maps produced show significantly weaker modes in the alumina due 
to its thickness giving a much reduced EELS intensity signal compared to a vacuum 
background. This has consequences in that the plasmonic resonances that occur within the 
alumina are difficult to see compared to those in the vacuum, leading to SI maps that do not 
accurately show the true distribution of plasmons. To rectify this the SI maps can be 
normalised with respect to the overall number of electron counts at each pixel. This was 
achieved by first creating an image whereby the contrast of its pixels is represented by the 
total electron counts over all the acquired energy range. An SI map over the desired energy 
range is then divided by this image using the simple math option in Digital Micrograph to 
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produce a normalised SI map. Although this allows the distribution of the plasmonic modes 
to be visualised more accurately, it has the drawback of also producing much noisier images. 
For this reason the normalisation was generally only performed for SI maps that had large 
areas of both vacuum and AAO background, and is typically presented in conjunction with 
non-normalised SI maps. 
 
In addition to the normalised maps, it was also necessary in certain cases to perform SI maps 
over large micrometre length scales. Unfortunately, this was not possible to perform in a 
single SI map due to the microscope being unable to acquire spectra at such a low 
magnification. Instead, this was achieved by acquiring spectra at multiple locations ensuring 
a degree of overlap and that the same operating conditions were used. An SI map for each 
location was then produced with the same energy range used throughout. By setting the Low 
and High contrast levels the same in each of these SI maps, the images were comparable and 
able to be stitched together therefore allowing the plasmonic modes to be visualised over large 
areas. 
6.3 Electron Energy Loss Spectroscopy Methodology 
6.3.1 Experimental Methodology 
With regards to this thesis, all data was collected at the SuperSTEM laboratory in Daresbury, 
UK on the SuperSTEM 3 microscope (Nion UltraSTEM 100MC “Hermes”). This is an 
aberration-corrected STEM-EELS electron microscope with a monochromated electron 
source. The Nion QO aberration corrector allows sub-angstrom spatial resolution to be 
achieved, whereas the monochromator gives extremely high energy resolutions of the order 
of 15 meV (244). Unless otherwise stated, the operating conditions were an accelerating voltage 
of 60 kV and an energy dispersion of 0.01 eV. All post-collection data processing was 
achieved using the software Digital Micrograph (242) by Gatan Inc. 
 
The nanorod arrays samples were prepared as TEM cross-sections by the method described 
in Chapter 3. Alternatively, the single gold nanorods shown in the results were produced in-
house by the seeded growth method, with thanks to Dr Sunjie Ye. These were drop cast onto 
SiMPore pure silicon TEM windows of 5 nm thickness (245). 
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6.3.2 Modelling Methodology 
The experimental EELS data shown in this thesis are complimented by EELS simulations 
produced using Comsol Multiphysics version 5.2a. This aimed to help with the analysis of 
the experimental EELS results by testing simplified systems, or geometries that would be 
difficult to otherwise fabricate. It was hoped this not only allowed validation of the results, 
but also provided a means to model EELS experiments at a fraction of the time and cost. 
Additionally, as previously mentioned, the EELS modelling has the benefit over those in 
Chapter 5 that used plane-wave excitation, in that the dark modes may also be excited (238).  
 
The methodology for the modelling of EELS was based upon the theory as outlined by Garcia 
de Abajo and Kociak (246) and implemented in the manner described by Wiener et al. (125) and 
Raza et al. (247). As many of the more basic modelling details are similar to those outlined in 
the modelling within Chapter 5, only the alterations will be discussed here. This includes how 
to excite the plasmonic resonances with an electron beam instead of a plane wave, as well as 
the means to measure the energy loss probability as opposed to the optical cross sections. 
  
Firstly, it was assumed that the electron beam was represented by a current carrying wire. 
This wire was defined to have a relativistic electron velocity as follows: 
 
v = c√1 −
1
(1 +
eU
mc2
)
2 
(89) 
 
Where ν is the electron velocity, c is the speed of light, e is the electron charge, U is the 
accelerating voltage (typically 60 kV), and m is the electron mass. This wire was drawn as a 
line in the model that traverses the z-direction between the PML layers. In contrast to the 
EELS experiment, this line was kept stationary and instead the nanoparticle moved in order 
to obtain spectra at different locations. The wire was then allocated a current density as: 
 
j(z, ω) = −eẑδ(R − R0)e
iωz/v 
(90) 
 
Here j represents the current density in the z-direction, ω is the angular frequency and R0 is 
the impact parameter of the electron beam in the x-y plane, positioned 5 nm from nanoparticle 
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edge for all simulations. As with the electron beam in the EELS experiments, this current 
carrying wire produced a background electric field, E0(z,ω) that interacted with the 
nanoparticle and excited plasmonic modes. These plasmonic modes had an associated induced 
electric field, Eind(z,ω) that acts against the background field causing a degree of energy loss 
in the moving electron. This energy loss may be expressed in terms of the energy loss 
probability (ΓEELS(ω)), which is directly proportional to the EELS intensity signal seen within 
the EELS experiments (247). The energy loss probability was then calculated in the frequency 
domain using the following equation: 
 
ΓEELS(ω) =
ve
2πℏω
∫dzRe (e−iωz v⁄ E𝑧
𝑖𝑛𝑑(z, ω)) 
(91) 
 
Where ℏ is the reduced Plank constant, and the integral was taken in the z-direction over the 
electron beam path. The induced field (E𝑧
𝑖𝑛𝑑) was then calculated by subtracting the 
background field E0(z,ω), without the nanoparticle present, from that of the full solution with 
the nanoparticle present, E(z,ω) (125): 
 
E𝑧
𝑖𝑛𝑑(z, ω) = E(z, ω) − E0(z, ω) 
(92) 
 
This was achieved by operating two frequency domains, both with the electron beam active. 
In the first frequency domain (emw) the electron beam without the presence of a nanoparticle 
was modelled. This was done in the similar manner to the plane wave models whereby the 
nanoparticles refractive index was set to equal that of the background. The second frequency 
domain (emw2) then calculated the full solution with the nanoparticle present. 
 
In addition to the energy loss probability spectra, the induced electric field was plotted at 
certain energies in a similar manner to SI maps. This showed both the positive and negative 
electric fields therefore allowing assessment of whether the modes were aligned 
symmetrically (bright) or anti-symmetrically (dark).  Similarly, for comparison with the 
experimental EELS maps, the modulus of induced electric field was taken as follows, where 
E̅z
ind is the complex conjugate of the induced electric field: 
 
|E𝑧
𝑖𝑛𝑑| = √E𝑧
𝑖𝑛𝑑 × E̅𝑧
𝑖𝑛𝑑
 
(93) 
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6.4 EELS Results 
The results in this chapter are a combination of both experimental results obtained from the 
SuperSTEM facility, as well as those obtained from FEM modelling using electron beam 
excitation. These are shown in order of increasing complexity, starting with a simple isolated 
nanorod, before moving on to unsupported arrays of nanorods, supported dimers, and finally 
supported arrays consisting of multiple nanorods.  
6.4.1 Isolated Nanorods 
Analysis of the gold nanorods produced by the seeded-growth method found that they had an 
average AR of 2.49. Due to the nature of growth, these nanorods also had a Cetrimonium 
bromide (CTAB) surfactant on their surface, estimated in the literature to be around 3.2 nm 
thick (248). UV-vis measurements (not shown) found the longitudinal mode to be located at ca. 
640 nm whilst the transverse mode was located at ca. 520 nm. Following the drop casting of 
the nanorod solution onto the 5 nm silicon TEM support grids, EELS measurements on a 
single nanorod were performed, as shown in Figure 6.7. The nanorod had a diameter of 27.4 
nm, a length of 60.3 nm and an aspect ratio of 2.2. 
 
 
Figure 6.7: a) Bright field image of the nanorod also showing the silicon substrate. b) HAADF 
image of the nanorod where the coloured boxes represent the two locations the spectra was 
integrated over. c) EELS spectra with colours relating to the electron probe locations shown 
in the HAADF image. The text refers to the peak positions, found by applying a Gaussian fit 
to the curves. d) SI maps over the stated energy ranges showing both plasmonic modes.  
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The EELS spectra in Figure 6.7c showed that when the EELS signal is integrated over a ROI 
at the end of the nanorod, a peak occurred at higher wavelengths, estimated to be 639 nm by 
performing a Gaussian fit. Alternatively, when placed alongside the nanorod, the peak 
occurred at a shorter wavelength of 521 nm. These peaks relate to the longitudinal and 
transverse modes respectively. It should be noted however, that in contrast to excitation with 
plane waves, whereby the polarisation across the nanoparticle is homogeneous, the incident 
electric field from the electron beam will give a radial polarisation that depends on the relative 
position of the beam (249). This means that both modes may be simultaneously excited 
depending on the beam location (233). This was seen for the ROI at the end of the nanorod 
(blue line), where a peak for both the longitudinal and transverse oscillation occurred in the 
spectrum in Figure 6.7c. Similarly, the ROI at the side of the nanorod (red line) would also 
excite both modes, however its greater distance from the nanorod ends means the oscillation 
over the long-axis (longitudinal mode) is very weak and therefore difficult to resolve. 
 
The transverse and longitudinal plasmonic modes were also represented in SI maps over the 
energy range 2.3-2.5 eV and 1.9-2.0 eV respectively. The longitudinal mode was seen to have 
a dipolar distribution over the nanorod length, whereas with the transverse mode, the field 
surrounded the entire surface of the particle. In general these distributions match those found 
with FEM modelling in the previous section. Perhaps a slight deviation however is that the 
transverse mode is not as distinctly dipolar as that seen in the modelling, but instead was seen 
to be distributed over all the surface, including the nanorod ends. This may be attributed to 
either the radial polarisation of the incident electric spreading the transverse resonance over 
many directions, or alternatively, may include contributions from the tail of the longitudinal 
mode. In either case these distributions support the results found in other work (121, 249, 250) and 
highlight the ability of the EELS to visualise the spatial distribution of surface plasmons. 
 
Comparing the EELS spectra to the UV-Vis results performed on a dispersion of nanorods 
(not shown) revealed that the position of the modes matched almost exactly. As the UV-Vis 
measurements were acquired with the nanorods in water, whereas the EELS measurements 
were performed in vacuum, a red-shift shift of several nm would be expected for the UV-Vis 
results, as found in Chapter 5. Similarly, the average aspect ratio of the rods in solution was 
2.49 compared to 2.2 for the nanorod tested with EELS, therefore also expecting to red-shift 
the UV-Vis spectra compared to EELS. To investigate this, the nanorod measured by EELS 
was modelled using the EELS Comsol model. The results of this are shown in Figure 6.8 
whereby the effect of a substrate and CTAB layer was also investigated. 
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Initially, the nanorod was modelled completely surrounded by a vacuum, with the resultant 
longitudinal mode seen at 564 nm. This is considerably less than the 639 nm resonance 
wavelength seen in the experimental EELS spectra, and therefore shows that for the aspect 
ratio nanorod tested, one would expect the resonance to occur at a lower wavelength than that 
found. To assess if the red-shift seen in the resonance position for the experimental spectra 
was due to the nanorod laying horizontally on a 5 nm thick supporting amorphous silicon 
TEM grid, this was also included in the modelling. The refractive index of the silicon substrate 
was taken from data derived by Aspnes and Studna (251). Interestingly the modelling of this 
setup led to two higher wavelength peaks being formed. The first of these occurred at a 
wavelength of 610 nm and corresponded to the longitudinal mode of the nanorod. This 
therefore red-shifted the resonance slightly closer to that seen in the experiment. The second 
peak at 681 nm however was found to be due to the interaction between the nanorod and the 
 
Figure 6.8: Comparison between experimental EELS spectra to that of modelled EELS spectra 
where the gold nanorod is either in vacuum, supported horizontally on a 5 nm thick Si 
substrate, or supported horizontally on a 5 nm thick Si substrate with a 3.2 nm CTAB layer 
on the nanorod surface. The nanorod has a diameter of 27.4 nm and length of 60.3 nm 
(AR=2.2). The arrows in the schematic diagram insets represent the position and direction of 
the electron beam in the simulations. In all cases this was placed 5 nm from the edge of the 
nanorod. The experimental EELs spectra is the same data as shown in Figure 6.7c (blue line). 
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substrate. Namely, as the nanorod is modelled as lying flat on the silicon surface, its curved 
edge meets the substrate with a perfect tangent. This creates infinitesimally small gaps 
between the nanorod and substrate that results in the formation of another mode at higher 
wavelength. Unfortunately, this mode is believed not to be real and is instead a result of the 
model being based around local approximations. This local approximation predicts fields and 
enhancements that do not match with real experiments for very small gaps (typically less than 
a couple of nanometres), as found by several authors (64, 247, 252). In a real life scenario however, 
the nanorod would not form a perfect tangent with the substrate. Furthermore, the strong 
coupling seen would likely be significantly damped due to non-locality as discussed 
previously. This therefore highlights one of the drawbacks of FEM modelling using local 
approximations. 
 
Neglecting the peak at 681 nm, the longitudinal mode was still found to occur at a lower 
wavelength (610 nm) compared to that in the experiment (639 nm). This discrepancy may 
also be due to the model not accounting for the CTAB surfactant layer that exists on the 
surface of the nanorod from its fabrication. This is estimated to be around 3.2 nm thick (248) 
and have a refractive index of 1.435 (253). It was found that by including this layer on the 
surface of the nanoparticle, the longitudinal mode red-shifted to a wavelength of 623 nm and 
therefore matched that found in the experiment reasonably well, only deviating by 16 nm. 
This small difference may be attributed to potential differences between the modelled and 
experimental setup, such as slight variations in size, surface roughness, or actual CTAB 
refractive index and thickness.  
 
Additionally, by including the CTAB layer on the surface of the nanorod it was lifted off the 
silicon surface by a few nanometres. This meant that the issue regarding the metal rod forming 
a tangent with the substrate no longer occurred, and therefore the artefact peak at higher 
wavelength disappeared. Despite this good agreement, it should be noted that a model that 
accounts for non-local effects would be useful for future work in order to accurately model 
nanoparticles placed directly on a substrate, or with small features and gaps. To this end, 
myself and Dr Patricia Abellan at SuperSTEM have made significant progress in producing 
a three-dimensional non-local FEM model that is capable of achieving this, similar to that in 
the work of Wiener et al. (125). Unfortunately, the computer requirements required for this 
scenario have so far limited us to only a two-dimensional model. Despite this, excellent 
agreement with other non-local works has been achieved (252). It is hoped that with increased 
computer resources the three-dimensional non-local model may also be realised in the future. 
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6.4.2 Unsupported Nanorod Arrays 
Before the EELS experimental results are shown, modelled using the EELS model will be 
discussed. This aimed to assess the impact of going from a single nanorod to an array when 
excited with an electron beam. Unfortunately, unlike with the plane wave models, the point 
source of the electron beam meant that Floquet boundary conditions could not be applied as 
this would also incorrectly apply periodicity to the electron beam. Instead finite arrays of 
nanorods were used. Additionally, as will be discussed later, a direct identification of bright 
and dark modes from experimental EELS data is challenging. Modelling arrays of perfect 
nanorods (starting with a dimer) where symmetry considerations apply, simplifies the analysis 
and helps identify tests for the subsequent interpretation of experimental results. 
 
Modelling was initially performed at varying inter-rod spacing for a nanorod dimer in 
vacuum, and compared to an isolated nanorod (Figure 6.9). As with the previous modelling, 
the spacing is defined from the edges of adjacent nanorods. Additionally, the same modelling 
was also performed for a nanorod dimer embedded in AAO, as shown in Appendix 1. 
 
 
Figure 6.9: Modelled EELS intensity for a dimer of side-by-side aligned gold nanorods (30 nm 
x 90 nm) at varying spacing compared to an isolated nanorod. The nanorods are modelled 
within a vacuum with the electron beam aligned 5 nm above the left nanorod as demonstrated 
by the cross in the inset. Each curve has been offset in the y-direction. 
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Starting with the isolated nanorod, this was predicted to have a single longitudinal peak at a 
wavelength of 620 nm, in agreement with the modelling when using plane-waves for the same 
size nanorod. It was seen however, that for a dimer of nanorods the longitudinal mode splits 
into two peaks, one at higher energy and the other at lower energy relative to the isolated 
nanorod. As the spacing between the nanorods was reduced and therefore the coupling 
strength increased, these modes were seen to split further apart. This splitting is asymmetric 
at smaller separations with the low energy mode red-shifting at a quicker rate than that of the 
blue-shift of the higher energy mode. This is also seen within the plasmon hybridisation model 
(113, 119) and is due to the hybridisation between multiple modes of different order. As these 
trends match those predicted by the plasmon hybridisation model very closely, it was 
therefore hypothesised that the low energy peak seen was the bonding (dark) mode, whereas 
the high energy peak was the anti-bonding (bright) mode of a side-by-side nanorod array. 
 
To test this hypothesis a number of investigations were performed. Firstly, the induced 
electric field (Ez
ind) and surface charge distribution for the nanorod dimer at a spacing of 5 
nm was plotted, as seen in Figure 6.10. 
 
 
Figure 6.10: a) Induced electric field plots for a gold nanorod dimer spaced 5nm based upon 
the data from Figure 6.9. The plots on the nanorod surface shows the surface charge 
distribution. b) Plots of the induced electric field modulus (|𝐄𝐳
𝐢𝐧𝐝| = √𝐄𝐳𝐢𝐧𝐝 × ?̅?𝐳𝐢𝐧𝐝), where ?̅?𝐳
𝐢𝐧𝐝 is 
the complex conjugate of the induced electric field. c) Schematic representation of the surface 
charge distribution based upon the results from (a).  
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It was seen that the induced electric fields and surface charge distribution for both the low 
and high energy modes differed considerably. With the higher energy mode, the polarity of 
the nanorods were symmetrically aligned between each nanorod, whereas with the lower 
energy mode the polarity was antisymmetric for each nanorod. Furthermore, in the higher 
energy mode the induced fields appeared to repel each other thereby being most prominent 
on the outside of the dimer. In contrast, the lower energy mode had the induced electric fields 
located predominantly in the gap between each nanorod, thereby appearing attractive. This is 
as expected for bright and dark modes respectively based on the Columbic interaction of their 
dipole moments. Additionally,  this splitting of the longitudinal mode based upon the 
interaction of the individual nanorods dipole moments agrees with theory, such as in the 
plasmon hybridisation model (113) or exciton coupling theory (115).  
 
Lastly, proof that these modes are indeed the bright and dark modes can be provided by 
exciting the dimer with the electron beam in different locations and monitoring the changes 
in the spectra modelled. For example it has been shown by Chu et. al. (237) that when exciting 
end to end nanorod dimers with the electron beam placed within the dimer gap, only the dark 
mode could be excited, whereas the bright mode was forbidden due to charge symmetry. This 
is due to the requirement that if both nanoparticles are at an equal distance away from the 
electron beam, they will both feel the presence of the electron beam to the same degree and 
therefore must have equal charges. Alternatively, if the electron beam is placed over either of 
the nanoparticles the symmetry is broken and both the bright and dark modes can be excited. 
This result was also confirmed by the work of Barrow et. al. (238) for gold nanoparticles and is 
summarised in the schematics of Figure 6.11. In contrast, for side by side nanorods the same 
charge symmetry applies however this time when the electron beam is placed in the dimer 
gap, only the bright mode may be excited whereas the dark mode is instead symmetry 
forbidden. This is also summarised in Figure 6.11 with modelling confirming the result for 
the side by side alignment. 
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Figure 6.11: Schematic illustrations showing which modes may be excited when the electron 
beam is located in the dimer gap for a a) nanosphere dimer, b) end to end nanorod dimer, and 
c) side by side nanorod dimer. d) Modelling results for a side by side nanorod dimer (AR=3, 
20 nm gap) with the electron beam located above a nanorod and in centre of the dimer gap. 
 
As can be seen in Figure 6.11d, when the electron beam is located within the centre of the 
dimer the low energy mode disappears. This is due to the symmetry of the system requiring 
both charges to be the same and therefore acts as the final proof that the modes simulated are 
indeed the bright and dark modes of the array.  
 
When analysing experimental EELS data these relationships may be used to determine 
whether the modes seen are bright or dark in nature. Unfortunately, this is made more difficult 
due to a number of reasons. Firstly, when the nanorods in a dimer are of different size, then 
the symmetry is once again broken, potentially allowing a dark mode to be excited within the 
gap. This will be discussed in greater detail later. In addition, analysing experimental EELS 
spectra is also more difficult than that of the modelling results as the EELS method is 
insensitive to the polarity of the charge. This results in the EELS maps produced resembling 
maps of the electric field modulus (such as seen in Figure 6.10b), and therefore it cannot be 
ascertained for certain whether the charges are symmetrically or anti-symmetrically aligned. 
217 
 
On the other hand, the distribution of the energy loss may instead help with the analysis. For 
example, as stated previously, the dark modes are seen to attract one another whereas the 
bright modes repel. This however is only the case for the modelling results when excited in a 
single position. In the EELS experiments the electron beam is scanned over multiple locations 
with the energy loss recorded at each position. When this transfers over to a SI map, the areas 
at which high energy loss occurred (at a specific energy) appear intense, whereas the areas 
where the energy loss wasn’t as prominent appear weaker. This therefore leads to the opposite 
effect to that seen in the modelling whereby the bright mode looks attractive due to it being 
able to be excited both above each nanorod and in the gap. Alternatively, as the dark mode is 
only excited strongly above each nanorod, the SI map shows the energy loss only in this area 
with it being much weaker within the dimer gap.  
 
Finally, a further technique to analyse whether experimental EELS peaks are bright or dark 
in nature is to study the spectral linewidths. This is based on the premise that dark modes do 
not have radiative losses and therefore their spectral linewidths are characteristically sharp 
and narrow (197, 254, 255). In contrast, bright radiative modes have broader spectral linewidths. 
This can be seen in the results of Figure 6.11 whereby the bright mode was found to have a 
linewidth (FWHM) of 0.139 eV, compared to the slightly narrower linewidth of 0.115 eV for 
the dark mode, as measured by applying a Gaussian fit.  
 
Following the proof that the splitting of the modes seen in the modelling work is due the 
generation of bright and dark modes, the effect of the nanorod aspect ratio on the degree of 
splitting was studied, as shown in Figure 6.12.  
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Figure 6.12: Modelled EELS intensity for a dimer of side-by-side nanorods of diameter 30 nm 
and with varying aspect ratios. The spacing within the array was kept constant at 30 nm. The 
array was excited with the electron beam located 5 nm below the left nanorod. 
 
It was seen that with increasing aspect ratio, both the bright and dark modes of the nanorod 
dimer red-shifted monotonically, similar to that for an isolated nanorod. In addition, the 
degree of splitting of the modes was found to vary, with an increase in the aspect ratio leading 
to a larger splitting. For instance, at an aspect ratio of two, the longitudinal mode does not 
appear to be split into its bright and dark components. However, by an aspect ratio of five, 
there is a relatively large separation of the modes of approximately 80 nm. This was attributed 
to the dipolar modes being stronger for the longer aspect ratio nanorods, therefore leading to 
a stronger Columbic interaction and a larger degree of coupling. Additionally, the longer 
aspect ratio nanorods (AR=5) are also seen to generate higher order modes, such as the 
quadrupole mode seen at a wavelength of 570 nm. 
 
Now the expected trends of nanorod dimers have been modelled, the experimentally derived 
EELS data for side-by-side nanorod arrays is shown. For this the gold nanorods produced via 
growth in the AAO templates were used. As explained in Chapter 3, these arrays were 
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converted into a TEM thin cross section by using a conventional bulk TEM preparation 
technique with the AAO template intact, before then being quickly etched for 4 minutes in a 
0.5M NaOH solution. This caused areas where the nanorods were both embedded in AAO 
and where the AAO was removed. Additionally, the etching also caused the gold substrate to 
be removed in certain areas. This section will therefore focus first on the relatively simple 
area where the nanorods were embedded partially in the AAO template, but the substrate had 
been removed, therefore allowing comparison with the previous simulations.  
 
To begin with, the data for a nanorod dimer will be shown. The left hand rod was found to 
have a diameter of 26.2 nm with an aspect ratio of 3.0, whereas the nanorod on the right had 
a diameter of 22.9 nm and an aspect ratio of 3.25. These were spaced 37 nm apart and were 
supported by means of a section of their length being embedded in the AAO template. This 
can be seen in the HAADF image in Figure 6.13, along with the EELS spectra, SI maps, and 
a comparison using simulations based on the same dimensions and environment. 
 
The results from Figure 6.13 highlight a number of points. Firstly, the coupling strength in 
the dimer is not strong enough to lead to a splitting of the modes. Instead the spectra resemble 
that of isolated nanorods. The simulations in Figure 6.13b confirm this by also predicting the 
longitudinal mode for each nanorod to be intact. Although the peaks do have shoulders, most 
noticeably for the spectra within the alumina, these instead relate to the electron beam exciting 
the longitudinal mode of the other nanorod slightly and are therefore not due to splitting of 
the mode as result of coupling. This is instead seen as a broadening of the modes in the 
experimental data due to imperfections in the sample and energy spread of the electron beam. 
Despite this, excellent agreement is found between the simulations and experiments with 
regards to both the peak positions and the damping of the signal if located within the AAO 
template. This damping of the signal for the spectra acquired in the AAO is due to the template 
causing fewer electrons to reach the EELS detector as compared to the regions in vacuum. 
This has the effect that it makes the SI maps appear as if the longitudinal mode is not dipolar 
as the signal is much stronger in the vacuum regions. As previously discussed, to resolve this 
the SI maps are normalised by the total number of electron counts at each pixel. These 
normalised maps then give a better indication of the true dipolar nature by better accounting 
for the effect of local thickness variation at each pixel, albeit suffering from increased noise, 
as seen in Figure 6.13c. 
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Figure 6.13: a) Experimental EELS spectra for a dimer of nanorods half in AAO, compared 
to b) Simulated EELS spectra for the same dimer. The coloured blocks relate to the area 
integrated for the various spectra, and therefore the position of the electron beam c) SI and 
normalised SI map over the energy range 1.61-1.66 eV showing the nanorods dipole modes. 
 
Based upon this result the question should be asked why coupling was not seen within this 
dimer, however for nanorod arrays with the same spacing, UV-Vis measurements showed the 
coupling was strong enough to blue-shift the longitudinal mode over that of the transverse 
mode. One explanation of this is that in the UV-Vis experiments the incident light excites all 
of the nanorods simultaneously leading to many nanorods interacting. Within this EELS 
experiment however, the excitation is spatially dependent on the location of the electron beam 
as it is scanned over just two nanorods. This results in the incident field being considerably 
weaker as the distance from the electron beam increases, and therefore a potentially much 
reduced coupling strength for the rods further away. Additionally, when light is incident on 
the nanorods, the charge density distribution in each nanorod is equally affected thereby 
forcing them to all align coherently. Although this prohibits the formation of dark modes, it 
results in a strong bright mode with contributions from many nanorods. On the other hand, 
the spatial localisation and intensity of the electron beam is known to result in charge 
displacement in nearby nanorods (121). For instance, when the electron beam passes near a 
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nanoparticle its surface charge distribution will be altered due to the electrostatic interaction 
with the electron beam. Adjacent nanorods will then also alter their charge distribution based 
upon both the charges in the neighbouring nanorods and on the intensity of any incident field. 
This competing secondary process may therefore also weaken any coupling. 
 
As the coupling strength is related to both the number of interacting nanorods, and the spacing, 
an area that included four aligned nanorods was also studied, again supported by around half 
their length being embedded in the AAO template, as shown in the bright field image in Figure 
6.14. The spacing was found to be smaller on average than for the previous dimer scenario, 
and therefore it would be expected to have a greater coupling strength that may lead to the 
splitting of the longitudinal mode. For instance, the two nanorods on the right are spaced on 
average ~28 nm apart, whereas the centre two nanorods are almost touching at one point. 
 
 
Figure 6.14: a) EELS spectra and corresponding bright field image showing the locations the 
spectra was integrated over. b) Normalised SI maps according to the energy range stated. 
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By studying the EELS spectra in Figure 6.14 it appears as though in general three peaks are 
resolved when the electron beam is located beneath either of the right hand nanorods. One of 
these peaks is at lower wavelength and will be discussed later, whereas the other two peaks 
are relatively close together and occur at higher wavelength. Although these peaks are only 
separated by around 25 nm and as such are seen to overlap, the use of an energy dispersion of 
0.01 eV allows their distinction. This is particularly evident for location one whereby each 
peak is clearly resolved.  
 
To determine whether coupling is occurring between the nanorods, a number of techniques 
can be harnessed. For instance, if the two peaks occur due to the electron beam simultaneously 
exciting each nanorod, as was the case with the previously shown dimer (Figure 6.13), it 
would be expected that as the electron beam was positioned further away from one of the 
nanorods, the amplitude of its respective peak would decrease. This however is not seen in 
the spectra of Figure 6.14. For example, in location three, the largest peak is seen at a 
wavelength of 805 nm. It would therefore be assumed that this is the longitudinal peak of the 
nanorod located directly above this location. If the nanorod was not coupled you would expect 
to see a decrease in the amplitude with increasing distance. Instead it is seen that the amplitude 
of this peak decreases at position two, then increases again further away at position one. It is 
proposed this relationship is therefore due to coupling between the two nanorods.  
 
Further proof is obtained by noting that at position two (in the gap between the particles), the 
higher wavelength peak seems to disappear to an extent, as would be expected for the dark 
mode of two similarly sized nanorods due to charge symmetry. The lower energy (bright) 
mode however remains as a distinct peak. This may also be seen in the corresponding 
normalised SI maps shown in Figure 6.14b whereby for the higher wavelength mode (dark 
mode) there is a lack of intensity in the gap region. In contrast the slightly lower wavelength 
mode (bright mode) appears to have a higher intensity within the gap. As previously 
discussed, this distribution of the energy loss may be used to assess whether the mode is bright 
or dark due to the premise that the dark mode of side by side aligned nanorods may not be 
excited within the inter-particle gap whereas the bright mode can be. This affects the 
distribution of the energy loss in an SI map (at a specific energy) by making the gap region 
appear to have a low intensity for dark modes and a higher intensity for bright modes. As this 
matches that shown in Figure 6.14b, it therefore supports the theory that the modes are 
coupled. 
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Finally, additional proof of the presence of coupling was acquired by modelling the degree of 
splitting with spacing for a nanorod dimer embedded in AAO (see Appendix 1). It was found 
that the spacing required to achieve splitting of the longitudinal mode for AR=3 nanorods was 
approximately 30 nm. This is therefore slightly larger than the spacing of the two nanorods 
on the right in Figure 6.14, and therefore based upon this a small degree of splitting due to 
coupling would be expected.  
 
Turning our attention now towards the other two nanorods within this segment of the array, 
it was found that unlike the nanorods on the right, the longitudinal modes did not show a clear 
splitting in the spectra (not shown). This is believed to be due to one of the nanorods being 
significantly shorter than the others, and also due to the spacing between the two left nanorods 
being relatively large at approximately 48 nm. This therefore shows that a degree of disorder 
in the array may act to disrupt near field coupling. On the other hand, the smaller nanorod is 
seen to come within close contact of the nanorod adjacent on its right, leading to a very high 
EELS signal at a wavelength of around 550 nm. This may be seen in the corresponding 
normalised SI map of Figure 6.14b. Despite this coupling, once again a splitting of the 
longitudinal mode was not apparent, likely due to the nanorods having significantly different 
geometries. Lastly, the normalised SI map of the lower wavelength mode (2.0-2.3 eV) also 
reveals a small enhancement in the energy loss towards the centre of the rods. This is believed 
to be due the higher order quadrupole mode being excited based upon its energy and 
distribution.  
 
To summarise, it has been shown that FEM modelling that uses an electron beam to excite 
the plasmons is capable of probing both the bright and dark modes of a nanorod array. These 
simulations found that the degree of splitting of the longitudinal mode depends on both the 
aspect ratio of the nanorods, the inter-particle spacing, and lastly the location of the electron 
beam. In addition to this, a comparison between the simulations and experimental EELS data 
showed excellent agreement therefore supporting its use in the analysis of the following more 
complicated geometries. For the experimental EELS measurements on a nanorod dimer it was 
found that the spacing was too great to achieve coupling, and instead the nanorods behaved 
in an isolated manner. In contrast however, for nanorods whereby the spacing was reduced 
and a greater number of rods interacted, it was found that coupling occurred and led to the 
generation of both bright and dark modes. This was confirmed by studying the EELS spectra 
at different locations, analysing the SI maps, and performing modelling. 
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6.4.3 Supported Nanorod Dimers 
The nanorod arrays fabricated in this work were grown by means of electrodeposition through 
the pores of an AAO template on to a gold substrate which acts as a working electrode. Due 
to this, the nanorod arrays were typically supported on a 150 nm thick gold substrate. In the 
previous modelling chapter it was predicted that the nanorods couple with their substrate 
image, thereby resembling end-to-end orientated nanorods, which gave rise to larger red-
shifts of the longitudinal mode, as well as stronger enhancements in the electric field 
strengths. It was also found that this phenomenon was counteracted by side-by-side coupling 
effects which blue-shifted and weakened the modes. By means of the EELS technique, these 
effects may be analysed in real structures whilst also probing both the bright and dark modes. 
 
Firstly, a side-by-side nanorod dimer supported on a 150 nm gold substrate was modelled, 
with the spacing between the dimer varied between 5 nm and 80 nm, as seen in Figure 6.15. 
The AR of both the nanorods was set to be 3, and therefore a comparison was able to be made 
with that of the previously shown unsupported nanorod dimer simulations (Figure 6.9). 
 
 
Figure 6.15: Modelled EELS intensity for a dimer of side-by-side aligned gold nanorods (30 
nm x 90 nm) supported on a 150 nm thick gold substrate at varying spacing and compared to 
an isolated nanorod. The nanorods are modelled within a vacuum with the electron beam 
positioned 5 nm above the left nanorod as demonstrated by the cross in the inset. Each curve 
has been offset in the y-direction to highlight the development of the modes.  
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Firstly, it was noticed that the longitudinal peak of the single supported nanorod was 
significantly red-shifted compared to that found for the previous unsupported nanorod. As 
shown in the modelling of Chapter 5, this is typical for a gold nanorod aligned vertically on a 
gold substrate and was attributed to the nanorod coupling to its substrate image. This therefore 
shows that both the EELS model and plane wave models are capable of reproducing the 
coupling effects expected with substrates. 
 
With regards to the dependence of the EELS intensity on the spacing of the dimer, a similar 
result was seen to that of the unsupported nanorod dimers (see Figure 6.9). For example, at 
large spacing the longitudinal modes were seen to resemble that of the single nanorods, 
however, as the spacing was reduced and coupling strength increased, the modes were split 
into both bright and dark modes. Although this qualitatively matched the previous 
unsupported dimer results, a discrepancy was seen with respect to the value of the spacing 
required to cause a splitting of the mode. For instance, in the unsupported nanorod dimer, the 
longitudinal mode began to split at an inter-rod spacing of ca. 30 nm and had red-shifted the 
dark mode to a wavelength of 721 nm when spaced 5 nm apart. Alternatively, in the supported 
nanorod dimer the splitting was seen to be apparent at a much larger spacing of 80 nm. The 
dark mode also red-shifted considerably more, moving to a wavelength of 1320 nm when 
spaced 5 nm apart. This is due to the strength of the dipole mode increasing considerably for 
the supported nanorods due to their coupling with the substrate. This increased dipole strength 
then allows the nanorods to interact with those adjacent more effectively, thereby increasing 
the nanorod to nanorod coupling (115). This interdependence between the substrate coupling 
and the particle to particle coupling further highlights the complex nature of these supported 
nanorod arrays. 
 
To investigate the bright and dark modes of these supported arrays in more detail, the induced 
electric field, surface charge density, and a schematic diagram of the surface charge 
distribution were plotted, as shown in Figure 6.16. The supported nanorods appear to have a 
monopole-like charge density distribution with the metallic substrate surface acting as the 
opposing charge. This is consistent with other works such as that of Malerba et. al. (256) 
whereby additionally they also find a blue-shift and reduction in intensity for the bright mode 
of the arrays, thereby supporting these results.  
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 Figure 6.16: a) Induced electric field plots for an AR=3 gold nanorod dimer supported on a 
150 nm thick gold substrate and spaced 10 nm apart. The plots on the nanorod surface shows 
the surface charge distribution, however the view is tilted so as to also see the charge 
distribution on the substrate surface b) Plots of the induced electric field modulus. c) 
Schematic representation of the surface charge distribution based upon the results from (a). 
 
Additionally, in a similar manner to the unsupported nanorod dimer, the plasmons appear to 
either repel or attract each other depending on whether the mode is bright or dark. As 
discussed with the unsupported nanorods however, this may not necessarily be evident in the 
experimental EELS SI maps, and in fact the bright mode in the experimental data may instead 
appear to attract based upon it being able to be excited within the dimer gap whereas the dark 
mode cannot. To test if this was still true for supported nanorods, and to ensure that the 
presence of the substrate does not remove the symmetry that forbids the dark mode to be 
excited within the gap, further simulations were performed. These can be seen in Appendix 
2, however for reference it was noted that, as with the unsupported dimers, only the bright 
mode could be excited within a dimer gap.  This therefore allows the nature of the modes in 
the experimental data to once again be assessed by altering the location of the electron beam.  
 
As before the effect of the aspect ratio of the nanorods was also studied, as shown in Figure 
6.17. This followed a similar trend to that of the unsupported nanorod arrays, however the 
modes were substantially more red-shifted. Furthermore, the presence of the substrate acted 
to excite higher order modes more readily. This is consistent with the results shown when 
modelling using plane waves and, as outlined in Chapter 5, is due to coupling between the 
nanorod and the substrate causing increased hybridisation of the plasmonic modes.  
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 Figure 6.17: a) Modelled EELS intensity for a dimer of side-by-side nanorods of diameter 30 
nm and with varying aspect ratio. The nanorods are stood vertically on a 150 nm gold substrate 
with a spacing of 30 nm. The array was excited with the electron beam located 5 nm above the 
right nanorod. b) Induced electric field plots, c) modulus of induced electric field. 
 
Interestingly, it was seen that the higher order modes that were excited in the supported 
nanorod dimer also appeared to have been split into both bright and dark components. This 
splitting did not occur for the higher order modes belonging to lower aspect ratio nanorods 
due to these being relatively weak, however, by an aspect ratio of five a clear separation of 
the peaks was seen. To confirm that this was due to the mode splitting and not from the 
presence of an alternate higher order mode, the induced electric fields were plotted as shown 
in Figure 6.17b. These showed that both peaks were related to the quadrupole mode of the 
nanorod, and that as expected both the bright and dark configurations were present. In this 
quadrupolar mode the electric field was distributed both at the top of the nanorod and at the 
base. This bottom area in particular is seen to differ between the bright and dark mode with 
the plasmons repelling and attracting each other respectively.  
 
Now that a basic understanding of what is expected to occur in supported nanorod arrays has 
been derived, the experimentally obtained results will be addressed. EELS spectra for a 
supported nanorod dimer is shown in Figure 6.18. The left-hand nanorod was found to have 
an aspect ratio of 3.0 whereas the right nanorod had an aspect ratio of 2.63. The spacing 
between the two nanorods averaged 32 nm.  
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Figure 6.18: EELS spectra for a supported nanorod dimer. The inset shows a bright field 
image whereby the coloured squares represent the regions integrated for the spectra shown. 
The SI maps are taken over the energy window stated and as shown by the dashed boxes. 
 
The AAO template that was used to grow these nanorods was removed by etching with NaOH 
to leave the nanorods free standing and exposed to vacuum. Despite this, small fragments of 
the AAO are visible on the surface of the nanorods, as seen in the bright field image. This is 
due to the AAO template not being fully etched by the NaOH as a compromise had to be 
made on the etching time so as to not damage the other components in the TEM cross-section. 
Despite this, the thin AAO layer may actually prove useful as it gives an indication of how 
the plasmons distribute when a shell is present on the surface, as would be the case for the 
nanorods coated in TiO2. It was found that the layer has a limited effect on the plasmons, with 
the fields appearing to propagate through it. This would therefore signify that strong electric 
fields would occur within the layer itself leading to possible enhancements to photocatalysis. 
 
With regards to the spectra collected above each nanorod, it was apparent that two strong 
peaks occurred at relatively high wavelengths of 1335 nm and 1494 nm based upon 
performing Gaussian fits. The SI maps for this energy range confirm these were related to the 
longitudinal mode of the nanorods as their fields were localised towards the top of each 
nanorod. Considering this, these modes were greatly red-shifted in comparison to what would 
be expected for the longitudinal mode of an unsupported single nanorod of the same size 
(~600 nm). As previously shown in the simulations and theory, the presence of the substrate 
causes a dramatic red-shift due to coupling between the nanorods and their substrate image. 
229 
 
It is therefore likely that this was the reason why the peaks occurred at such high wavelength 
and provides experimental evidence of this substrate coupling to support theory. On the other 
hand, it has also been shown that particle-particle coupling in a dimer may also lead to the 
generation of a red-shifted dark mode, and therefore this must also be considered as a possible 
cause as to why the modes occurred so far red-shifted. Indeed, the spacing (~30 nm) and 
aspect ratio (~3) of these supported nanorods is predicted to have relatively strong coupling 
and a splitting of the longitudinal mode into both bright and dark modes based on the previous 
modelling work (see Figure 6.15 and Figure 6.17). Considering this, particle to particle 
coupling may also be expected to occur within the experimental data leading to spectral shifts.  
 
To determine whether particle to particle coupling is present, the EELS data was analysed by 
acquiring EELS spectra both above the nanorods and in the gap. Only the two peaks at the 
higher wavelengths will be discussed initially, whereas the observed lower wavelength peaks 
(~600-800 nm) are covered later. It was found that when the electron beam was located above 
either of the nanorods, both peaks occurred. In contrast, when placed within the dimer gap the 
higher wavelength peak disappeared, yet the lower wavelength peak remained. This 
relationship matches that expected for bright and dark modes based upon the requirement for 
charge symmetry within a gap. It is therefore proposed that the lower wavelength peak seen 
in Figure 6.18 was that of the bright mode, whereas the higher wavelength peak was the dark 
mode of the nanorod dimer. This is further supported by analysing the SI maps for both peaks. 
For example, the lower wavelength bright mode had a strong EELS intensity within the dimer 
gap and also above each nanorod. This therefore signified that the plasmon resonance at this 
wavelength may be excited in all these locations, as would be expected for a bright mode. 
Alternatively, the higher wavelength dark mode was seen to only have a high EELS intensity 
above each nanorod, whereas on the other hand a very low EELS intensity occurred within 
the dimer gap. These results therefore confirm that particle-to-particle coupling occurred 
within the nanorod dimer with both bright and dark modes being formed.  
 
Considering this result, the uncoupled longitudinal modes would be predicted to have a 
resonance wavelength in-between that of the bright and dark mode at approximately 1400 nm. 
As this is at much higher wavelength than would be expected for an unsupported nanorod, it 
is further proposed that the reason for this large red-shift is due to coupling with its substrate 
image. The nanorod array was therefore believed to be influenced by both particle-to-particle 
coupling, and particle-to-substrate coupling. 
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To confirm this theory and investigate the degree to which the substrate coupling had on the 
nanorods, further simulations were necessary. Firstly, each of the nanorods in Figure 6.18 
were simulated individually both unsupported and supported on the substrate. The purpose of 
this was to determine the likely red-shift experienced from coupling with the substrate only. 
These simulations also included the presence of the thin alumina layer on the surface of each 
nanorod, as clearly evident in bright field image in the inset of Figure 6.18. This thin alumina 
layer was important to include due to its higher refractive index possibly also influencing the 
red-shift. Following this, the single supported nanorods were then placed in a dimer with a 
spacing of 32 nm and again modelled. By comparing the spectra it was possible to 
approximate the red-shift due to the substrate, as well as the red-shift due to any possible 
coupling with the adjacent particle. The result of this can be seen in Figure 6.19. 
 
 
Figure 6.19: Modelling of the experimental nanorod dimer comparing resonant wavelengths 
for nanorods that were a) unsupported and isolated, b) supported but isolated, and c) 
supported and in a dimer separated by 32 nm.  
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The supported nanorods were seen to be dramatically red-shifted from those that were 
unsupported, with the average longitudinal mode predicted to occur at approximately 994 nm. 
This is significantly red-shifted compared to their unsupported equivalents, whereby the 
average longitudinal mode was at 645 nm. This therefore suggests that around a 350 nm red-
shift would be expected for these gold nanorods stood vertically on the substrate. 
Alternatively, when the nanorods were placed within a dimer as in the experiments, a further 
red-shift was seen for the dark mode of approximately 90 nm, thereby taking the resonance 
to a wavelength of 1084 nm. The particle-to-particle coupling was therefore responsible for a 
much smaller spectral shift. This is as expected due to the particles having a spacing of 32 nm 
whereas the substrate is in direct contact with the nanorod therefore leading to much stronger 
coupling.  
 
Despite these noted red-shifts, the predicted resonances still do not reach the values seen for 
them in the experimental data whereby wavelengths as high as 1500 nm were observed. This 
may partly be down to simplifications in the simulations whereby surface roughness and 
variations in end cap geometry were neglected. Alternatively, although the nanorods were 
shown as a dimer, they were actually part of a much larger array of nanorods. The presence 
of these adjacent nanorods may also lead to stronger coupling strengths and therefore shift the 
modelled data closer to that of the experimental data. This concept will be studied in more 
detail later. 
 
In addition to the supported nanorod dimer without AAO, further EELS measurements were 
performed for a nanorod dimer completely embedded in AAO and again supported on the 
gold substrate, as shown in Figure 6.20. Due to the background being composed of AAO with 
an inhomogeneous thickness, the EELS spectra had to be normalised to one another. This was 
achieved by dividing the spectra for a set region of interest by the total electron counts 
(integrated over all energy ranges including those in the ZLP) for that same region. 
Additionally, as before the SI maps were also normalised according to the previously reported 
method. 
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Figure 6.20: EELS spectra for a supported nanorod dimer in AAO. The inset shows a HAADF 
image whereby the coloured squares represent the regions integrated for the spectra shown. 
The SI maps for each peak are taken over the energy window stated and as shown in the 
spectra by the dashed boxes. 
 
The diameter and AR of the left-hand nanorod was 32 nm and 4 respectively, whereas the 
right-hand nanorod had a diameter of 27 nm and an AR of 4.4. The spacing between the two 
measured from edge to edge was approximately 34nm. Based on the previously shown 
modelling results for a supported nanorod dimer and how this varies with aspect ratio, these 
dimensions would therefore once again be likely to also induce a splitting of the longitudinal 
mode into both bright and dark components. This is still the case when the nanorod dimer is 
embedded in AAO instead of vacuum, as shown in Appendix 3. 
  
As with the other dimers studied, two main peaks occurred when the electron beam is located 
above the nanorods. These once again were at relatively high wavelengths of 1590 nm and 
1760 nm, therefore they were likely red-shifted due to coupling with the substrate and also 
due to being embedded in a higher refractive index material. By analysing how the peaks vary 
with location it was seen that in contrast to the previously shown dimers, the higher 
wavelength mode is present even when the electron beam is located within the dimer gap. 
This therefore suggests that no coupling is present between these nanorods and instead that 
the lower wavelength peak was the longitudinal mode of the AR 4.0 nanorod, whereas the 
higher wavelength peak was for that of the AR 4.4 nanorod. Alternatively, there are a number 
of factors that would still suggest coupling may still have occurred within the dimer. For 
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example, it was seen that the intensity of the higher wavelength peak does not decrease 
monotonously with increasing distance, as would be expected for non-coupled longitudinal 
modes, but instead was slightly weaker in the gap than above the further away nanorod. 
Additionally, the normalised SI map show similar distributions to those seen previously 
whereby the lower wavelength mode was shown to be intense within the dimer gap, whereas 
the higher wavelength mode appeared weaker. Considering these discrepancies it was 
proposed that the modes were in fact bright and dark modes of the dimer, and the reason for 
the dark mode not disappearing when excited within the gap was due to the different sized 
nanorods not being symmetric. This lack of symmetry then allows the nanorods to have 
opposing charges as they do not feel the same incident field from the electron beam. To 
confirm this theory, a nanorod dimer was modelled whereby the electron beam was placed 
within the centre of the dimer gap and the aspect ratio or diameter of one of the rods was 
gradually altered. The results of these systematic tests can be seen in Figure 6.21. 
 
 
Figure 6.21: Modelling of a nanorod dimer with a) varying aspect ratio and b) varying 
diameter. The dimer was excited with an electron beam located in the centre of the dimer gap 
and has a spacing of 20 nm. Each spectra has been offset so as to assess the change in peak 
intensities.  
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The modelling showed that as the aspect ratio or diameter of one of the nanorods was varied 
compared to the other nanorod in the dimer, the dark mode was able to be excited. With 
increasing difference in size between the nanorods, the dark mode also gained a higher 
intensity. Despite this, even relatively small variations of around 10-20% were seen to be 
sufficient to break the symmetry and allow the formation of the dark mode. These results 
therefore confirm the theory that a dissimilar nanorod dimer may still have a dark mode when 
excited within the dimer gap. As seen in Figure 6.20, the aspect ratios, diameter and perhaps 
even the inhomogeneous nature of the AAO template, all lead to a breaking of the symmetry 
and therefore this dark mode within the dimer gap would be expected.  
 
In addition to the formation of a dark mode, the results of Figure 6.21 revealed that the 
resonance wavelength of the modes was also affected by the varying aspect ratio and diameter. 
For example, as one of the nanorods in the dimer increased in AR, a red-shift of both the 
bright and dark modes occurred. Similarly, as one of the nanorods in the dimer decreased in 
aspect ratio from that of equal values, both modes blue shifted. The resonance positions are 
therefore seen to depend on the average aspect ratio of the dimer as a whole. This was also 
found to apply for the nanorods with varying diameter when the aspect ratio of the rods was 
kept constant at a value of four. The shifts for this scenario however were not as great as that 
for varying aspect ratios due to the longitudinal modes reduced dependence on the diameter. 
6.4.4 Supported Nanorod Arrays 
So far within this chapter, analysis by EELS has predominantly focussed on nanorod dimers. 
These dimers however are actually part of a much larger array of nanorods. It is therefore 
necessary to assess how the addition of adjacent nanorods may affect the coupling response 
seen, as covered within this following section. Before the experimental results are presented 
however, the expected relationships based upon modelling work will be outlined. 
 
Firstly, an unsupported nanorod array of aspect ratio three was simulated whereby the number 
of nanorods was systematically increased to five interacting nanorods. An unsupported array 
was chosen over a supported array as the subsequent analysis is clearer. Despite this no 
differences were found in the trends. The results for the supported nanorod arrays modelling 
are given in Appendix 4. 
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The modelling was performed with the electron beam located both above the end nanorod 
(dashed lines), second from end nanorod (dotted line), and above the centre nanorod (solid 
lines). For arrays with an even number of nanorods this centre alignment was such that the 
electron beam was located above either one of the centre most nanorods and not within the 
gap. This alignment of the electron beam in multiple locations was in order to ensure all modes 
of the array were visible and not forbidden due to charge symmetry requirements. The results 
of these simulations can be seen within Figure 6.22 along with additional induced electric 
field plots for the trimer scenario. 
 
 
Figure 6.22: a) Modelling of EELS spectra for a nanorod array with increasing number of 
interacting nanorods. The solid lines were modelled with the electron beam located above the 
centre most nanorod in the array, the dashed lines were for the electron beam located above 
the end nanorod, and the dotted line is with the electron beam above the 2nd from the end 
nanorod. The arrows help show the splitting and hybridisation of the modes with increasing 
number of nanorods, whereas the numbers aim to help identify the peaks. b) Induced electric 
field plots for each mode of the nanorod trimer. The aspect ratio of the rods used in all these 
simulations was 3, along with a diameter of 30 nm and a spacing of 20 nm. 
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It was seen that the number of observable modes excited was directly equal to the number of 
nanorods within the array, therefore is analogous to the molecular orbital theory. With the 
dimer for example, two modes exist being namely the bright and dark mode. Alternatively for 
a trimer these modes still occur however there is also the addition of a further mode with a 
resonant wavelength in-between that of the other two modes. Studying the induced electric 
field plots in Figure 6.22b shows that this mode was a hybridisation of both the bright and the 
dark modes whereby the centre nanorod bonds symmetrically with one nanorod and anti-
symmetrically with the other nanorod. Once again due to charge symmetry restrictions, this 
mode was only evident when the electron beam was placed over one of the end nanorods. 
Alternatively, for the four nanorod array it was seen that four observable modes existed. The 
highest and lowest energy modes were again attributed to the bright and dark mode of the 
array respectively. These were seen to continue to shift in energy, with the dark mode going 
to lower energy and the bright mode shifting to higher energy. This degree of energy shift 
however was reduced with it appearing to plateau as more nanorods were added to the array. 
Alternatively, the two additional modes of the four nanorod array were located in-between 
the bright and dark mode and once again were hybridised modes consisting of elements with 
both bright and dark components.  
 
These results are in agreement with other work that has studied the interaction of multiple 
nanoparticles with a point source excitation method such as EELS. For instance, Barrow et. 
al. (238) performed EELS on a gold nanoparticle chain of different lengths ranging from one to 
five. They concluded that the number of experimentally observable modes is at least equal to 
the number of nanoparticles in the chain, plus the additional transverse mode. They too also 
found that with increasing chain length, the energy shift of the modes begins to plateau.  
 
The exact configuration of the hybridised bright and dark modes is best assessed by creating 
a plasmon hybridisation diagram based upon the modelled data, as seen in Figure 6.23. A 
number of the configurations shown are only active when the electron beam is located away 
from the centre nanorod due to symmetry requirements. Additionally, for modes that may be 
excited in multiple locations, the arrangement of the dipoles was seen to vary as the electron 
beam moved position. This change to the arrangement however did not affect the resonant 
energy of the mode. The black dots in Figure 6.23 show the location of the electron beam for 
the configuration depicted. These generally relate to the strongest peaks according to Figure 
6.22.  
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Figure 6.23: Plasmon hybridisation diagram for a side by side nanorod array with increasing 
number of nanorods. The aspect ratio of the nanorods was 3 whereas the spacing and diameter 
of the rods was 20 nm and 30 nm respectively. The relative energy positions of the above modes 
are located based upon the data from Figure 6.22a. The black dots refer to the location of the 
electron beam according to the configuration shown.  
 
To analyse the hybridised modes, the five nanorod array will be discussed going from highest 
energy to lowest energy. It was seen that the highest energy mode was that of the bright mode 
whereby all the dipoles were aligned symmetrically. Following this, the next highest energy 
modes configuration was such that the two nanorods furthest away from the electron beams 
location aligned anti-symmetrically, therefore forming both bright and dark modes in one 
array. It is proposed that these furthest away nanorods were the ones to align anti-
symmetrically as the incident field and resulting coupling strength between these nanorods 
was weak, therefore making the bright coupling modes more dominant. Alternatively, in the 
following configuration the nanorods at both ends of the array align anti-symmetrically. As 
these dark modes were closer to the electron beam, they were stronger than the previous case 
and therefore the mode occurred at lower energy. Leading on from this, the next mode had 
the anti-symmetrically aligned dipoles directly adjacent to the excited nanorod. This therefore 
occurred at lower energy than the previous mode due to the strong excitation of the dark mode. 
Finally, the lowest energy mode had its dipoles aligned so that only the nanorod with the 
electron beam located above it was anti-symmetrically aligned. This therefore results in an 
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extremely strong dark mode and the resulting shift to lower energy. This final mode may have 
been expected to have a distribution whereby each dipole alternates in polarity along the 
chain, similar to that shown for the trimer of rods. Instead however the configuration shown 
was seen for the lowest energy peak. This is believed to be due to the bright modes at either 
end of the array repelling each other and causing the plasmons of the penultimate rods to be 
located closer to the centre nanorod, thereby giving a stronger dark mode. On the other hand, 
the configuration whereby the dipoles continually alternate is found for lower energies, 
however it was too weak to show up as an observable peak in the spectra. 
 
To summarise these findings, a nanorod array consisting of N nanorods and excited from a 
point source, has N observable coupled longitudinal modes. The highest energy mode is that 
of the bright mode where all dipoles are aligned symmetrically. With decreasing energy of 
the mode however, certain nanorods begin to align anti-symmetrically. This first occurs for 
nanorods far away from the point source before then affecting the nanorods closer to the point 
source as lower energy modes are reached. The lowest energy mode is arranged as such that 
the anti-symmetric dipoles are located adjacent to the nanorod being excited, in a manner that 
would give the strongest interaction.  
 
Interestingly, both the spectra in Figure 6.22, and those for the supported nanorods in 
Appendix 4, show that when multiple nanorods are in an array the strongest mode is generally 
not that of the bright or dark mode as may be expected, but instead occurs for one of the 
hybridised modes with both bright and dark elements. In fact it was noted that as more 
nanorods were added to the array, the bright mode drastically reduced in intensity and 
broadened. Additionally, it was seen that the electric field distribution for this bright mode 
began to alter with the longitudinal mode moving towards the centre (or base for supported 
nanorods) of the nanorods, as seen in the induced field plots of Figure 6.24. This result 
therefore matches that found within the modelling of Chapter 5 whereby for an infinite 
periodic array of nanorods the symmetrically aligned dipoles destructively interfered to both 
blue-shift and weaken the bright mode, as well as leading to a redistribution of the electric 
field whereby a shift towards the centre of the nanorods was observed. 
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Figure 6.24: Induced electric field plots of the bright mode for an a) unsupported nanorod 
array, and b) supported nanorod array showing the electric field distribution altering to the 
centre or bottom of the nanorod. 
 
Following the modelling of nanorod arrays, the experimentally derived results will now be 
discussed. EELS spectra were acquired for a section of the nanorod array whereby the AAO 
template had been etched as part of the preparation of the TEM sample. The spectra at the 
corresponding locations and an SI map are shown in Figure 6.25. The HAADF image in the 
inset shows seven nanorods within the region of interest which were found to have aspect 
ratios with values ranging typically from approximately two and a half to four (AR~2.5-4). 
Here the nanorods labelled two and three relate to the previously shown nanorod dimer 
(Figure 6.18). Within this array, the spacing appeared relatively constant at around 30nm, 
although it should be noted that due to the hexagonal arrangement of the nanorods in the 
initial array, these may not be represented accurately in 2D form. Despite this, the 30 nm 
spacing fits well with that found for the bulk array, plus the slight tilt seen in the TEM cross-
section HAADF image and relatively equal focus suggests these nanorods were generally in 
the same plane. One exception to this, is the nanorod in the area described as four in the 
HAADF image whereby it appeared behind the others and as such was somewhat out of focus. 
The tilt seen in the HAADF image was corrected for prior to the acquisition of the EELS 
spectra.  
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Figure 6.25: EELS data for a nanorod array of AR ~ 2.5-4 on a 150 nm gold substrate. a) EELS 
spectra obtained from integrating over all pixels in the corresponding SI b) Individual EELS 
spectra for each nanorod, integrated over a region as represented by the coloured blocks in 
the HAADF image. The coloured dashed lines represent the dominant mode for the nanorod 
principally excited in that location c) SI maps for the energy windows 0.7-1.6 eV and 1.6-2.1 
eV. 
 
The EELS spectrum in Figure 6.25a, was obtained by integrating over all pixels in the spectral 
image. It was seen that a broad peak within the near infra-red region occurred, formed due to 
variations in the geometrical factors such as aspect ratio, leading to shifts in spectral position 
of each nanorod and resulting in overlapping peaks. Although this peak was not located within 
the visible region as would be preferred for most photocatalytic applications, it should be 
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noted that these spectral positions observed when exciting with an electron beam are not 
directly transferable to optical methods due to the localisation of the excitation source, and 
the ability to probe both bright and dark modes. Indeed, it has already been shown within 
Chapter 4 that for a similar nanorod array the longitudinal modes are blue-shifted 
considerably so that they overlap the transverse mode and that no higher wavelength peaks 
occur. Instead the results here aim to help interpret any coupling that occurs in the array from 
a fundamental viewpoint, as well as to relate intensities and distributions of the plasmonic 
modes to those that may be beneficial in particular applications. 
 
It should be noted that there is a degree of variance in the shape, aspect ratio, and diameter of 
the nanorods. Considering the previously shown results, it would therefore be expected that 
if coupling between nanorods occurred, both the bright and the dark mode would likely be 
visible in many positions. Studying the location dependent spectra in Figure 6.25b, it was 
seen that a large number of peaks occurred. These peaks are once again at much higher 
wavelength than would be expected for nanorods of their size, believed to be mainly due to 
the coupling with the substrate, however particle-particle coupling may also have had an 
impact in this shift. For each location tested, the resulting spectra typically consisted of two 
to three peaks between the wavelengths of 800 nm and 1800 nm. These were found to be 
maximised in intensity towards the top of the nanorods and therefore are likely related to the 
longitudinal modes. Alternatively, each location was also found to have an additional two 
peaks at lower wavelength. One of these occurred at a wavelength of 520 nm and is therefore 
believed to be the transverse modes of the nanorods. On the other hand, a second peak was 
found within the region from 600 nm to 800 nm. Both of these modes were found to increase 
in intensity as the electron beam was positioned towards the bottom of the nanorods. 
 
To assess these modes, the energy ranges 0.7-1.6 eV and 1.6-2.1 eV were plotted in SI maps, 
as seen in Figure 6.25c. For the lower energy range, the electron energy loss predominantly 
occurred towards the ends of the nanorods and therefore is related to the longitudinal modes 
as expected. Alternatively, the higher energy modes resulted in an energy loss distribution 
located at the base of each of the nanorods. It is likely this may be related to the higher order 
modes of the nanorods, however potential other options for this will be discussed later. 
 
Unfortunately, it is difficult to ascertain for certain whether the nanorods in this array are 
coupled or not due to the previously used methods not applying. For instance, the dark mode 
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would not be expected to disappear in the gap between nanorods due to the large variance in 
aspect ratio, diameter and geometry of the individual rods. Additionally, as shown in the 
modelling of multiple nanorods, the arrangement of the charges is complex and dependent on 
the location of the electron beam. The experimental EELS SI maps however show the energy 
loss for all positions of the electron beam, therefore this may hinder the ability to assess 
whether the modes are bright or dark based on the SI map alone. Despite these difficulties, I 
believe there are there are three possible explanations for the observed spectra and multiple 
peaks seen in the experimental data, as will be outlined below. 
 
Firstly, it is possible that the strongest peaks in each spectra (as represented by the dashed 
lines) relate to uncoupled longitudinal mode of the nearest nanorod. The additional peaks in 
the spectra then arose due to the electron beam exciting other nearby nanorods simultaneously 
from its location. For this to hold true, it would be expected that a decrease in intensity of a 
peak would be found with increasing distance from the nanorods end. This was found for a 
number of the nanorods, for instance those in the regions of 4, 5, and 6, therefore suggesting 
that these may not be coupled. This lack of coupling may be due to the nanorods having a 
greater spacing then estimated by the HAADF image due to the 3D nature of the array not 
transforming accurately into a 2D image. For instance, it is believed nanorod 4 is set some 
distance back from the other nanorods. Alternatively, the relatively large variation in sizes 
and shapes of the nanorods may also inhibit coupling between the nanorods.  
 
Secondly, it has already been shown that coupling between certain nanorods in the array was 
believed to have occurred. For example, the nanorods in regions 2 and 3 relate to the 
previously shown dimer (Figure 6.18) which clearly showed an interaction based on the 
intensity of their peaks with location. Similarly, the lower energy dark mode was also seen to 
disappear within the dimer gap as expected for two similarly sized nanorods. This therefore 
leads to a second explanation in that only certain nanorods within the studied array are actually 
coupled. These are likely to be the ones with either a close spacing to a neighbouring nanorod, 
or a large aspect ratio so that the dipolar modes are able to interact.  
 
The third possible explanation arises based on the analysis of the modelling results. For 
example, the previously shown modelling work for supported nanorod dimers with different 
spacing (Figure 6.15) showed that coupling would be expected to occur up to spacing’s of at 
least 80 nm for AR=3 nanorods, resulting in a splitting of the longitudinal mode. For larger 
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aspect ratio nanorods, as is often the case for this array, this distance would be even greater. 
It could therefore be assumed that all of the nanorods within this array were coupled with 
sufficient strength to cause a splitting of the longitudinal modes. The SI map over the energy 
range 0.7-1.6 eV in Figure 6.25c would also suggest this coupling should have occurred based 
on the dipole modes clearly coming into contact with each other.  
 
Considering the last explanation to be true, the spectra in Figure 6.25 would then be expected 
to follow the trends seen for the modelling of multiple nanorods when using a point source 
excitation. Namely, for each location of the electron beam, the nanorods within the array 
would couple together producing combinations of both bright and dark modes depending on 
the excited nanorods relative position within the array. The multiple peaks within the spectra 
of Figure 6.25 may therefore relate to these modes.  
 
Unfortunately, as previously stated, the SI maps cannot show the energy loss distribution for 
one location of the electron beam as the modelling does, but instead shows the energy loss 
distribution for the electron beam over all pixels. This therefore means the SI maps are 
incapable of showing the individual configurations of bright and dark modes, but instead 
essentially show the accumulation of all configurations. Despite this, the spectra are location 
dependent and therefore may give clues as to whether bright and dark configurations existed. 
This is due to the principle that some modes cannot be excited when the electron beam is 
located in certain positions, as shown in the modelled spectra of Figure 6.22. For example, in 
the trimer scenario, the mode at approximately 2 eV could not be excited over the centre 
nanorod due to restrictions based on charge symmetry, but could be excited on the adjacent 
nanorod. Considering this, the following would be expected. If coupling was not occurring, 
each spectra would have a dominant peak relating to the longitudinal mode of the nearest rod, 
with then significantly weaker peaks relating to the longitudinal modes of directly adjacent 
but further away nanorods. Alternatively, if coupling was occurring in the array, the peaks in 
each spectra would likely have more equal intensities, plus it would be expected that some 
peaks would be absent from spectra even when the electron beam is placed over an adjacent 
nanorod.  
 
Reviewing the spectra of Figure 6.25 once again, it can be seen that for most spectra the peaks 
tend to be of a similar intensity. Additionally, there are also locations whereby an adjacent 
nanorod is not excited. For example, in location 4 the longitudinal modes of nanorod 3 and 5 
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should also have been excited if coupling was not occurring. Although this may have occurred 
for nanorod 5, there is a distinct lack of a peak where you would expect the longitudinal mode 
of nanorod 3 to occur (as represented by the blue dashed line). Similarly, when the electron 
beam was placed in location 2, it did not excite the nanorod in location 1, however the opposite 
is true in that location 1 could strongly excite the nanorod in location 2. These relationships 
therefore suggest that coupling may be occurring within the array.  
 
On the other hand, a possible factor that may go against this theory is that the bright mode 
should have been excited in all locations. A peak at lower wavelength would therefore have 
been expected to occur in the spectra regardless of location. Although there wasn’t a 
longitudinal related mode seen within the spectra that fulfils this, it was possible that the 
modes seen at a wavelength of between 600 nm and 800 nm were that of the bright mode. As 
shown in the SI map of Figure 6.25c, the energy loss distribution of these modes is one 
whereby it was primarily confined to the base of the nanorod, suggesting an oscillation over 
the width of the nanorod. This therefore matches that predicted by the modelling both within 
Chapter 5 for infinite supported arrays, and within this chapter for finite arrays. Additionally, 
although this mode was originally proposed to be that of a higher order mode, interestingly it 
appears as though all of the nanorods within the array, except that of the very short nanorod 
in location 6, were able to sustain it. As higher order modes generally only become prominent 
for larger aspect ratio nanorods, and many of these nanorods have an aspect ratio of 3 or less, 
this therefore suggests that this mode may not be related to a higher order mode as previously 
thought, but instead related to the bright coupled mode of the array.  
 
These findings were further compared to other areas of the array to see if similar results 
occurred. For example, a section of the nanorod array embedded in the AAO template was 
studied, as shown in Figure 6.26. 
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Figure 6.26: Normalised EELS measurements for a gold nanorod array embedded in AAO. a) 
Normalised EELS spectra for each nanorod, integrated over a region as represented by the 
coloured blocks in the HAADF image. The coloured dashed lines represent the dominant mode 
for the nanorod principally excited in that location. The inset shows the lower wavelengths 
peaks based on integrating a region spanning the bottom of all the nanorods (black box). b) SI 
maps over the energy windows 0.6-1.0 eV and 1.8-2.2 eV, and c) their normalised equivalents.  
 
It may be seen that the array in the AAO followed the same trends as that for the previous 
uncoated array. For example, each location was seen to result in a number of peaks in the 
spectra with fairly equal intensities. Additionally, when the electron beam was located in 
certain positions, it was seen to not excite the nanorods in a way that would be expected for 
uncoupled nanorods. For example, when in location 3 the peak believed to relate to nanorod 
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2 was strongly excited, however, the mode of the closer nanorod 4 was not. Similarly, in 
location 4, the peak of nanorod 3 was only weakly present, whereas the mode for the further 
away nanorod 2 was much stronger. Furthermore, once again a distinct peak at lower 
wavelength was found, as clearly evidenced by the plot in the inset of Figure 6.26. The SI 
maps for this energy range show that as before, the energy loss distribution was located around 
the base of all the nanorods in the array, therefore potentially relating to the bright mode. 
These factors therefore once again suggest that the nanorods in the array may have coupled 
together to give combinations of bright and dark modes. 
 
Finally, the EELS results so far have focused upon the visible and NIR region up to a 
wavelength of approximately 2000 nm. Beyond this wavelength it is believed that the 
nanorods no longer have any plasmonic modes. Despite this, it should be noted that several 
significantly more intense peaks were observed in the EELS spectra. For clarity these were 
omitted from the previous results as they do not belong to the plasmonic resonances of the 
nanorods. Instead it was found these intense low energy peaks related to plasmonic modes of 
the substrate. This is due to part of the substrate breaking off during preparation of the TEM 
cross section. This gave the substrate a finite length of approximately 2400 nm and as such 
enabled the substrate to support localised surface plasmon resonances, as seen in Figure 6.27. 
These LSPR’s have spectral features directly resolved at very low energies down to 188 meV 
(45 THz), and therefore may prove useful in the expanding field of terahertz plasmonics (257, 
258). 
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Figure 6.27: EELS spectra and SI maps showing the dipole and higher order modes of the gold 
substrate. The spectra was acquired by integrating the region as shown by the white square in 
the HAADF image.  
6.5 Summary of Results 
In conclusion, this chapter aimed to characterise the near field properties of the fabricated 
nanorod arrays using electron energy loss spectroscopy (EELS). This study was particularly 
interested in assessing whether any coupling was occurring between the nanorods of the array 
as well as to determine the nature of this coupling. Firstly, to aid with the analysis of the 
experimental data, a finite element model was produced whereby a current carrying wire (i.e. 
an electron beam) was used to excite the plasmons, with the energy loss probability then 
calculated from this, therefore allowing comparisons with the EELS experimental data. 
Initially, a single isolated nanorod was studied and subsequently modelled. It was found that 
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to accurately represent the experimental data, both the substrate and any surfactant layer had 
to be accounted for.  
 
Following this, unsupported nanorod dimers were analysed. It was concluded from the 
modelling results that the longitudinal mode should split into both a bright and dark mode as 
the coupling strength increased. This therefore supports the predictions of the plasmon 
hybridisation model. Unsupported dimers were also analysed using experimental EELS, 
however no coupling was found for dimers which had a large spacing. Alternatively, as the 
spacing was reduced it is believed that coupling occurred splitting the longitudinal mode into 
both bright and dark modes. This was confirmed by analysing EELS spectra by location and 
noting that the dark mode disappeared when the electron beam was located in the centre of 
the dimer, as expected based on charge symmetry requirements.   
 
Supported nanorod dimers were then studied both by experimental EELS and modelling. The 
modelling found that the substrate would lead to a red-shift in the plasmonic resonance due 
to coupling with its substrate image. It also had the effect however of causing the dipole mode 
to be stronger and in turn allow coupling between the nanorods up to greater distances. This 
result was also supported by the experimental data whereby a supported nanorod dimer was 
found to split into bright and dark modes, and that its resonance position was greatly red-
shifted compared to an unsupported nanorod of the same aspect ratio. For supported nanorod 
dimers of different aspect ratio, it was further found that the dark mode could still be excited 
within the dimer gap due to the symmetry being broken. In this case, it was determined that 
coupling was still occurring based on studying the intensities of each mode and noticing that 
they did not monotonously decrease with increasing distance, as would be expected for 
uncoupled nanorods.  
 
Furthermore, the effect of going from a dimer to an array of several nanorods was studied. 
Modelling showed that the longitudinal mode splits into additional modes equal to the number 
of interacting nanorods. These modes have both symmetric and anti-symmetric configurations 
of their dipoles and therefore may be considered hybridised bright and dark modes. 
Experimentally, these multiple peaks were also seen. However, analysing whether coupling 
had occurred proved challenging. A number of factors relating to the intensities of the modes 
seen as a function of the location of the electron beam led me to conclude that coupling did 
occur within the array. This likely led to multiple hybridised modes being formed consisting 
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of both bright and dark elements. Additionally, there was also evidence that the bright mode 
of the array may have resulted in the electric field distribution altering to one whereby an 
oscillation over the width of the nanorods occurred. This therefore matches that found within 
the modelling work of Chapter 5 for infinite nanorod arrays. Lastly, it was found that a number 
of very low energy modes (in the terahertz region) occurred within the experimental EELS 
data. These were due to the substrate being of finite length and therefore it was able to support 
its own localised surface plasmon resonances.  
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7 NANOROD ARRAYS FOR 
PHOTOCATALYTIC 
REACTIONS 
So far this thesis has demonstrated the ability to fabricate ordered gold nanorod arrays 
supported on a substrate by means of using AAO membranes as templates. These nanorod 
arrays were then characterised by means of UV-Vis, FEM modelling, and EELS so as to 
ascertain their optical properties. This chapter will address the application of these nanorod 
arrays in regards to photocatalytic applications. This will begin with a brief review of the 
concept and motivation behind using plasmonic nanostructures for photocatalytic purposes, 
before then demonstrating the preliminary results achieved in this work. 
7.1 Review of Plasmonics for Photocatalytic Reactions 
In general terms, a photocatalyst is a semiconductor that absorbs photons in order to produce 
electron-hole pairs that partake in the reduction and/or oxidation of chemical species (259). 
With the need to switch to a low carbon society, photocatalysts are expected to play an 
increasing role within the 21st century including applications ranging from the removal of 
environmental pollutions (260, 261), to the generation of solar fuels such as hydrogen from water 
splitting (262, 263). Despite this, current issues relating to the photocatalytic efficiency still need 
to be addressed in order for the technology to reach its full potential. For example, the 
semiconductors typically used in photocatalysis have bandgaps that absorb only the UV 
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region, accounting for only 4% of sunlight (264). Additionally, the photogenerated electrons 
and holes may suffer from recombination thereby also reducing the efficiency (264). 
 
The use of plasmonic metal nanoparticles has shown excellent potential in solving these issues 
based upon a number of mechanisms. For instance, as has been shown throughout this work, 
the plasmonic resonances of gold nanoparticles may be tuned throughout the visible and near-
infrared spectrum by means of carefully controlling the geometry, size, and coupling of the 
nanoparticles. These plasmonic resonances give rise to improvements in the optical cross-
sections to levels greater than their geometrical equivalent, in addition to the generation of 
highly localised and enhanced electric field strengths. Furthermore, a typical semiconductor 
photocatalyst such as TiO2 will only utilise the UV region of sunlight when placed in isolation 
owing to its large bandgap of 3.2 eV. With the addition of a plasmonic nanoparticle however, 
this absorption can be extended into the visible or near-infrared region of light by the metal 
particle according to the position of its plasmonic resonance. A number of mechanisms may 
then occur whereby the energy absorbed by the metal nanoparticle is transferred to that of the 
semiconductor, thereby allowing the utilisation of more of the solar spectrum. The motivation 
behind plasmonic photocatalysis is therefore to combine these beneficial effects with those of 
a photocatalytic semiconductor. This is achieved by understanding the different mechanisms 
by which the plasmons energy is transferred to that of a nearby semiconductor. Although 
many aspects of these enhancement mechanisms are still under debate, a summary of the 
current theories will be outlined in addition to experimental results.  
7.1.1 Increased Plasmonic Scattering 
Firstly, it is important to appreciate the various ways a plasmon may decay. After excitation, 
a plasmon may undergo either radiative decay or non-radiative decay. In the former, a photon 
is re-emitted from the plasmonic nanoparticle (i.e. scattered) with this primarily occurring for 
large particles over 100 nm in size (21). This mechanism has predominantly been explored for 
use in thin-film solar cells whereby the path length of the light may be increased by repeatedly 
scattering the photons into the active semiconductor layer (265). In contrast, plasmonic 
scattering for photocatalytic purposes is relatively unexplored and therefore will not be 
discussed further. Instead the non-radiative decay routes are generally preferred for enhancing 
photocatalysis and therefore small nanoparticles with high absorption of light are more suited.  
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7.1.2 Hot Electron Transfer 
The non-radiative decay of a plasmonic resonance causes the excitation of energetic charge 
carriers above the Fermi level, resulting in the generation of so called “hot electrons” (or “hot 
holes”) (266). In an isolated picture these hot electrons initially relax on a timescale of a few 
hundred femtoseconds by electron-electron scattering, whereby a Fermi-Dirac distribution is 
regained but at elevated temperature. This elevated temperature is then cooled by subsequent 
electron-phonon scattering, and finally phonon-phonon relaxation, thereby returning to its 
original state (59, 259, 267). Alternatively, when a metal nanoparticle is placed in direct contact 
with a semiconductor (typically n-type in photocatalysis), a potential barrier known as the 
Schottky barrier forms which inhibits electrons transferring from the metal to the 
semiconductor. This will be discussed in more detail later, however it is important to note that 
the barrier height can be significantly lower than the semiconductor’s bandgap (268). Typically, 
electrons would not have sufficient energy to transfer to the semiconductor, however, under 
plasmonic resonance the hot electrons generated in the metal nanoparticle may have an energy 
higher than the Schottky barrier and therefore directly transfer across (269, 270). This occurs in 
an analogous manner to the working principle of dye-sensitised solar cells and therefore is 
often termed plasmon sensitisation, however, in this scenario the injected electron / hole can 
instead partake in redox reactions (271). Importantly, as the photon energy required to generate 
the hot electrons that subsequently transfer over to the semiconductor is lower than that of the 
semiconductors bandgap, this allows greater utilisation of the solar spectrum into the visible 
and even near-infrared regions. This principle is demonstrated in Figure 7.1 below: 
 
 
Figure 7.1: a) Schematic of the generation of a hot electron b) Diagram of hot electron 
excitation and injection in to an adjacent semiconductor. CB and VB are the conduction and 
valence bands of the semiconductor respectively, whereas EF is the Fermi energy level. 
Adapted from (22). 
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Referring back to the presence of a Schottky barrier, despite this generally acting against the 
transfer of electrons from the metal to the semiconductor (assuming it is n-type), it may also 
provide an advantage in photocatalytic applications. This is due to a space charge region 
forming whereby some electrons in the semiconductor migrate to the metal. This leads to a 
positively charged region in the semiconductor which in turn generates an internal electric 
field from the semiconductor to the metal. On generation of charge carriers near the space 
charge region (including the transferred hot electrons that have overcome the Schottky 
barrier), the electric field forces separation of the electron-holes whereby the holes are 
transferred towards the metal nanoparticle and the electrons away, thereby preventing their 
recombination (259).  
 
Experimentally, hot electron transfer has been demonstrated by Knight et. al. (272) whereby 
uncoupled horizontal gold nanorods of various AR were supported on a silicon substrate and 
attached via a small titanium buffer layer. The titanium layer created the presence of a 
Schottky barrier with a height of 0.5 eV, which in turn allowed the transfer of hot electrons 
across when the plasmonic resonances of the nanorods were excited. This transfer of electrons 
created a photocurrent that could be compared to the incident wavelength and polarisation 
used. It was found that the photocurrent matched extremely well to the expected resonance 
conditions for the nanorods according to their aspect ratio and orientation. Additionally, this 
photocurrent occurred even for the longer aspect nanorods with resonances above 1600 nm 
(0.77 eV), therefore demonstrating the ability to capture other regions of the solar spectrum 
(272).  
 
Additionally, Lee et. al. (146), and in follow up work, Mubeen et. al. (145), fabricated a gold 
nanorod array using the AAO template method. TiO2 was deposited on top of the nanorods 
by electron beam deposition in order to facilitate hydrogen production from water splitting. 
The TiO2 was not intended to play a significant role as a photocatalyst, but instead to act as 
an electron sink where the hot electrons could be collected and transferred to a platinum mesh 
or attached platinum particles and undergo reduction of hydrogen ions. Additionally, a 
cobalt/borate oxygen evolution catalyst was electrochemically deposited on the side of the 
rods to allow oxidation of water thereby completing the other half reaction. The concept was 
that the electrons received by the oxygen evolution catalyst were then transferred back into 
the nanorod, filling the positive holes left behind after the hot electron emission. This 
therefore meant that water splitting could occur on each nanorod individually when 
illuminated with light. The results showed that hydrogen production was greatly improved in 
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the visible region as compared to the UV region. The action spectrum (rate of activity vs 
wavelength) and extinction spectrum of the nanorods also matched very closely, therefore 
alluding to the plasmonic nature of the reaction.  Finally, the photocurrent was seen to increase 
with decreasing TiO2 thickness signifying that TiO2 was not responsible for electron-hole 
production, but instead that thinner layers resulted in a lower probability of recombination or 
hot electron thermalisation (145, 146).  
 
Finally, it should also be noted that hot electrons may also participate in the reduction of 
adsorbates directly on a plasmonic nanoparticle without the need for a Schottky junction. For 
example, Robatjazi et. al. (273) created a device for water splitting whereby plasmonic gold 
nanoparticles were used to generate hot carriers. A p-NiOx substrate layer then separated the 
carriers by transporting the hot holes away to a counter electrode and blocking the movement 
of the hot electrons. The hot electrons instead propagate to the surface of the nanoparticle 
where they are directly transferred into absorbed water molecules to perform the hydrogen 
evolution reaction (273). This setup has the advantage that a Schottky barrier does not have to 
be overcome, plus it negates the need for expensive co-catalysts such as platinum.   
7.1.3 Plasmon-Induced Resonant Energy Transfer (PIRET) 
Plasmonic nanoparticles have also been shown to provide enhancements to photocatalytic 
reactions when the semiconductor is separated from the metal nanoparticle by an insulating 
layer (274-276). In this scenario, the hot electrons would be unable to transfer to the 
semiconductor and participate in the reaction, therefore an alternative mechanism is required. 
It has been proposed by Linic et. al. (277) that if the plasmonic nanoparticles are sufficiently 
close to the semiconductor, the strong electric fields surrounding the metal particle may 
overlap with the semiconductor causing an increased rate of interband transitions and 
therefore electron-hole production. This process works on the basis that electron-hole 
generation is proportional to local electric field intensity |𝐸|2 in the semiconductor (277). This 
mechanism however also requires that there is an overlap between the semiconductors 
absorption energy and that of the plasmonic resonance and incident photon (28). This means 
that the plasmonic resonance needs to have its resonance somewhat towards the UV region, 
and therefore is typically found for silver nanoparticles. The principle of near-field 
enhancement can be seen in Figure 7.2. 
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Figure 7.2: Schematic of the electron-hole formation in a semiconductor based upon plasmonic 
near field enhancement. Greater electron-hole formation occurs in the region close to the metal 
nanoparticle. Adapted from (22). 
 
Although the end effect is identical, an alternate method by which plasmonic nanoparticles 
are hypothesised to transmit energy to a semiconductor over an insulating layer is that of non-
radiative dipole-dipole coupling. As first proposed by Cushing et. al. (278) in 2012, this states 
that the non-radiative decay of the surface plasmon dipole directly generates electron-hole 
pairs in the semiconductor. This occurs in an analogous manner to Förster Resonance Energy 
Transfer (FRET), however proceeds in the opposite energy direction (279). For example, in 
FRET a donor dipole transmits its energy to an overlapping lower energy acceptor dipole. In 
the case of a plasmonic metal – semiconductor system, this therefore results in the quenching 
of the semiconductor by energy transfer to the metal, and may be considered a back-reaction 
(21). On the other hand, with PIRET the plasmonic nanoparticle has a very strong dipole and 
instead acts to transmit the energy to the overlapping higher energy semiconductor (278). These 
processes are both summarised in Figure 7.3 below: 
 
 
Figure 7.3: Schematic illustrations of the PIRET and FRET processes. a) In PIRET the LSPR 
is excited and transfers its energy to an overlapping higher energy semiconductor, whereas in 
FRET the semiconductor is excited and transfers its energy to the overlapping lower energy 
metal. b) In both cases the donor has to have an overlapping energy with the acceptor. (279) 
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Regardless of the exact energy transfer mechanism, a beneficial feature of PIRET is that it 
not only allows an increased generation of electron-holes, but that these charge carriers also 
tend to be produced in regions that are close to the surface of the semiconductor (i.e. the 
metal-semiconductor-liquid interface), as shown in Figure 7.2. This is due to the spatial 
locality of the electric fields, which varies depending on the geometry, plus its exponential 
decay in intensity with increasing distance from the metal surface (277). This proximity to the 
liquid interface and plasmonic nanoparticle is important as it reduces the probability of charge 
recombination by ensuring shorter diffusion distances to reaction sites, plus it allows the 
charges produced to be close enough to encounter the effect of plasmonic Schottky barrier 
charge separation.  
 
Experimentally, Awazu et. al. (274) found a seven times enhancement in the decomposition of 
methylene blue for Ag nanoparticles coated in a SiO2 shell and supported on a TiO2 layer 
when illuminated with near UV wavelengths. Additionally, it was found that the enhancement 
was increased as the SiO2 shell thickness was reduced, i.e. as the electric field strengths in the 
TiO2 increased. Similarly, Kumar et. al. (275) also reported the degradation of methylene blue 
using SiO2 coated Ag nanoparticles on TiO2. Once again they reported an increase in 
photocatalytic performance with decreasing SiO2 thickness, confirming this to be due to 
PIRET by means of photocurrent measurements and Raman spectroscopy.  
 
Thomman et. al. (280) also measured the photocurrent enhancements for 50 nm gold 
nanoparticles coated in SiO2 and placed on top of a Fe2O3 semiconductor. A peak 
enhancement of eleven times was recorded with this enhancement primarily occurring at the 
plasmonic resonant wavelength. Lastly, Torimoto et. al. (281) fabricated gold nanoparticles 
coated in a 17 nm thick SiO2 layer with CdS semiconductor nanoparticles attached on the 
outside. They found that compared to CdS nanoparticles without gold, the addition of the 
plasmonic metal led to higher rates of hydrogen production. Interestingly, it was also noted 
that when using a thinner layer of SiO2 (2.8 nm), the hydrogen production rate dropped even 
compared to the non-plasmonic experiment. This was attributed to FRET transfer from the 
semiconductor to the gold nanoparticle, thereby quenching the reaction. 
7.1.4  Localised Heating by Plasmonic Nanoparticles 
Photocatalysis by means of local heating has also been reported (282, 283). This local heating 
occurs due to the non-radiative decay of a plasmon and can result in significant increases in 
temperature (284). The exact temperature rise is dictated by the local environment and the 
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power of the incident light used. For example, when using relatively low power light sources 
such as mercury or xenon lamps, the heating is believed to be negligible (22, 285). Alternatively, 
if high powered pulsed lasers are used for illumination, then heating effects are expected to 
play a major role in enhancing photocatalytic reactions due to an increase in the reaction rate 
according to the Arrhenius equation (286). This was demonstrated by Bora et. al. (283) whereby 
the degradation of methylene blue was achieved by illuminating a ZnO nanowire array coated 
with gold nanoparticles on top using visible light. The photocatalytic activity was doubled 
compared to bare ZnO nanorods, with temperatures predicted to reach 300°C, along with a 
6x increase in the apparent quantum yield. These results were attributed to heating as opposed 
to other mechanisms by the authors, however, although localised heating likely played a role, 
I am doubtful that it was the main contribution compared to the other mechanisms. 
 
Following this outline of the various plasmonic enhancement mechanisms, a brief overview 
of how these benefits may be transferred to that of the gold nanorod arrays produced in this 
work is given so as to optimise the design. 
7.1.5 Plasmonic Photocatalysis in Gold Nanorod Arrays 
Considering the above plasmonic photocatalysis enhancement mechanisms, the fabricated 
gold nanorod arrays produced in this work will now be discussed with regards to optimising 
them for photocatalytic reactions. Firstly, it is highly desirable to fabricate a photocatalytic 
platform which is not only efficient at capturing visible light, but also stable in operation and 
able to be manufactured on a large scale relatively cheaply. By using the AAO template 
method with gold nanorods, it is hoped the latter two objectives are achieved, however it is 
also important that the photocatalyst used is also similarly stable. TiO2 has been widely used 
since its discovery as a photocatalyst and is well known for its excellent stability (287). This 
therefore makes a logical choice for use as the semiconductor on the nanorods. Unfortunately, 
TiO2 also only absorbs in the UV region of the solar spectrum whereas the gold nanorods 
primarily have their plasmonic resonance in the visible or near-infrared region. This would 
mean that an overlap in the spectrum between the TiO2 and nanorod absorption would likely 
be inaccessible, and therefore the PIRET mechanism would not enhance the photocatalysis.  
 
On the other hand, the hot electron transfer mechanism is able to utilise the visible spectrum 
by injecting hot electrons or holes directly into the TiO2. Indeed this was shown in the 
previously discussed work of Lee et. al. (146), and Mubeen et. al. (145), for hydrogen production 
by water splitting. Considering this, it is critical to the design that the TiO2 layer is in direct 
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contact with that of the gold so that a Schottky barrier is formed. Additionally, it is proposed 
that the thickness of the layer is not of upmost importance as the TiO2 is not predominantly 
responsible for absorption in the hot electron mechanism. Instead thinner semiconductor 
layers have been shown to lead to higher enhancements due to less charge recombination (288).  
 
To date, the majority of work studying hot electron generation within vertically aligned 
plasmonic nanorod arrays has been by the Moskovits research group (289). This research 
however has primarily focussed on the generation of hydrogen via water splitting (145, 146) as 
previously discussed, or alternatively for photovoltaics (288). In contrast, the work on reduction 
of pollutants by these coated nanorod arrays is significantly less, with an article by Lu et. al. 
(290) being the only example. In this work, a gold nanorod array was fabricated in Whatman 
AAO membranes with resulting diameters of 200-250 nm, and lengths of approximately 900-
1000 nm. These were supported on a silver substrate and had 150 nm TiO2 particles spin 
coated on the nanorods so that a complete coverage was achieved, resulting in a core shell 
structure. The array was then illuminated with UV light in order to perform photocatalytic 
degradation of rhodamine B. A factor of two increase was found for the TiO2 coated nanorod 
array compared to TiO2 in isolation. Similarly, only a 1.3× increase was found for a flat Au 
TiO2 film. This enhancement was attributed to efficient separation of carriers due to the 
presence of a Schottky barrier, plus additionally, a higher surface to volume ratio based on 
the nanorod geometry (290).  
 
Unfortunately, this work omitted a number of important concepts. For example, the plasmonic 
nature of the gold nanorods was completely ignored based on illuminating only with UV light. 
This therefore meant the levels of hot carriers produced by the nanorods would have been 
very low, plus the semiconductor would not have benefitted from any PIRET mechanisms. 
Instead the electron-hole generation relied on absorption by the TiO2. As this is relatively 
thin, the absorption would also likely be small and therefore the enhancements noted may 
have instead relied on other processes. For example, the presence of the silver substrate was 
also largely neglected however it may have resulted in higher UV absorption, possible PIRET 
mechanisms, and potentially the formation of hot carriers.  
 
Considering this lack of utilisation of the plasmonic abilities of the nanorods, and the potential 
visible light benefits it brings, it is therefore believed a gap in the research is present. Namely 
this would aim to use gold nanorod arrays to perform degradation of pollutants in a similar 
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manner to the work of Lu et. al. (290). In contrast however, visible light should be used whereby 
the plasmonic resonances of the nanorods are targeted with the aim of producing hot carriers 
that may transfer to the adjacent TiO2 layer and participate in the photocatalytic degradation 
by oxidation/reduction reactions. This research will therefore be the aim of this chapter, with 
first the characterisation of the deposited TiO2 performed, before then addressing the 
degradation of methylene blue over the nanorod array using visible light. 
7.2 Characterisation of Titanium Dioxide Shell 
The methodology behind the deposition of TiO2 shell using atomic layer deposition (ALD) 
was previously discussed in Chapter 3, and therefore will not be covered again. Instead this 
section aims to characterise the deposited layer. This was primarily done by means of electron 
microscopy and X-ray photoelectron spectroscopy (XPS). 
 
Firstly, SEM images of a nanorod array both before and after TiO2 deposition are shown in 
Figure 7.4. It can be seen that the morphology of the nanorods clearly changes whereby the 
very ordered alignment of the nanorods becomes slightly more disordered, and the surface 
roughness appears changed going from smooth to somewhat uneven. There is also the 
suggestion that more of the nanorods are in contact with each other towards their ends, 
possibly as a result of either increasing in diameter, alterations to their surface charges, or 
simply due to a different area of the sample being imaged with slightly increased aspect ratio. 
Despite this, the nanorods are still evidentially still vertically aligned with the majority having 
open areas surrounding the nanorods that could act as reaction sites. The increased surface 
roughness is likely due to either the temperatures involved with the ALD deposition causing 
uneven growth, or due to the pre-treatment steps whereby the sample was rinsed with acetone 
and isopropanol, before plasma cleaning.  
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Figure 7.4: SEM images of a nanorod array both before (left) and after (right) TiO2 deposition 
(Sample 1). The top row shows a top down view of the nanorods whereas the bottom row shows 
a tilted view.   
 
The diameter of the nanorods shown in Figure 7.4 before TiO2 deposition is on average 51 
nm ± 6 nm whereas the length is estimated at ca. 180 nm (AR = 3.6). Alternatively, following 
the TiO2 deposition the diameter is seen to increase to approximately 65 nm ± 5 nm. This 
would therefore translate to a diameter increase of ~14 nm, giving a shell thickness of ~7 nm. 
This sample will be referred to as sample 1 throughout the remainder of this work. 
Alternatively, a second nanorod array with an average diameter of ~68 nm ± 2 nm and an AR 
of 2.3 was also coated in TiO2, and will instead be referred to as sample 2. The corresponding 
SEM images for this sample both before and after ALD can be viewed in appendix 5. In 
contrast, sample 2 was found to have an average diameter of ~ 68 nm before deposition and 
~ 90 nm ± 4 nm after, therefore giving an estimated shell thickness of ~11 nm.  
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Figure 7.5: Tilted SEM images of Sample 1 showing the presence of a layer on the surface of 
the nanorods when using an accelerating voltage of 20 kV. With thanks to Dr. Mark 
Rosamond, University of Leeds. 
 
A higher magnification SEM image of Sample 1 at 20 kV and with the sample tilted can be 
seen in Figure 7.5. This reveals the presence of a layer on the surface of the nanorods that is 
believed to be the TiO2. It should be noted that at lower accelerating voltages, this layer is no 
longer visible (not shown). Performing measurements of this layer using ImageJ revealed the 
thickness is relatively even at approximately 8.38 nm ± 0.46 nm. This therefore is reasonably 
close to that estimated by the increase in diameter of the lower magnification SEM images.  
 
To ascertain for certain that the nanorods are coated in TiO2 and not some alternate material, 
a surface sensitive technique is required. For this XPS was chosen due to its excellent ability 
in determining the surface composition. Furthermore, this is combined with Parallel Angle-
Resolved XPS (PAXPS) to reveal additional information regarding how the surface layers 
change with depth. This was performed on a flat film Au-TiO2 structure coated under the 
same conditions as those used for the nanorods arrays.  The PAXPS measurements were 
acquired with thanks to the National EPSRC XPS Users’ Service (NEXUS) (291) on a Thermo 
Theta Probe XPS spectrometer. This was performed over angles from 25° to 75°, with a spot 
size of 400x800 microns, and repeated in three separate areas. Alternatively, the non-angle 
resolved XPS measurements were acquired on a Thermo Scientific ESCA Lab 250 with a 
spot size of 500 microns. All data analysis was subsequently performed with CasaXPS 
software (292). This involved correcting all spectra for charging by setting the adventitious 
carbon C 1s peak to a binding energy of 284.5 eV. 
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Figure 7.6: XPS survey of Sample 2 showing the presence of both titanium and oxygen. The 
inset shows the corresponding high resolution Ti2p Scan.  
 
The XPS survey for sample 2 can be seen in Figure 7.6, along with an inset showing the higher 
resolution Ti2p scan. Alternatively the XPS survey and Ti2p scan for Sample 1 is shown in 
Appendix 6. Both of these surveys show that titanium and oxygen is present within the 
samples, therefore suggesting TiO2 was deposited on the surface. Based on the gold counts 
being relatively small in Sample 2, it is also suggested that almost complete coverage of the 
nanorods was achieved. This is due to the ALD method being excellent at growing 
homogeneous thin films, and is expected based on the previously shown SEM images. Sample 
1 on the other hand exhibits a more prominent gold peak perhaps due to the TiO2 layer being 
estimated from SEM to be thinner, or due to the coverage of the gold not being as high.  
 
In addition to the titanium, oxygen and gold, the survey also reveals small levels of carbon 
and sodium. The carbon is likely due to contamination from the adhesive copper support as 
XPS surveys conducted before the acetone and plasma cleaning stage reveal that carbon 
contamination dominates (see Appendix 7). This therefore shows that it is crucial to remove 
the adhesive layer from the copper support, or alternatively, use a separate non-contaminating 
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material before the ALD process. On the other hand, the sodium is likely a result of residue 
from the NaOH etch of the AAO template.  
 
Studying the high resolution Ti2p scan in the inset of Figure 7.6 in more detail reveals the 
Ti2p peak is made up of a prominent peak at a binding energy of 458 eV, followed by two 
further weaker peaks at 464 eV and 472 eV. When comparing these positions to the shifts 
expected for TiO2 as obtained from literature (293, 294), the peaks match extremely well therefore 
signifying that it is in fact TiO2 present on the surface.   
 
Further information can be gained from the XPS data by performing elemental analysis as 
shown in Table 4. For this, high resolution spectra were obtained for the carbon, gold, 
titanium, sodium and oxygen peaks, with Shirley backgrounds fitted to all. Comparing the 
atomic percent of each element shows that a few differences exist between Sample 1 and 
Sample 2. For example, Sample 1 has a higher amount of gold and carbon, and a lower amount 
of oxygen and titanium than Sample 2. This therefore suggests again that the TiO2 coating on 
Sample 2 is thicker and perhaps has a higher coverage compared with Sample 1. Additionally, 
it may also be the case that the pre-cleaning of the copper support was not as successful for 
Sample 1 leading to higher amounts of carbon contaminating the gold nanorods surface during 
deposition.  
 
Table 4: Elemental analysis showing the atomic percent of each element. 
 
 
Additionally, the atomic percent’s may be normalised to that of titanium, as shown in Table 
5. This allows the comparison of the titanium to the oxygen, whereby if all the oxygen was to 
derive from the TiO2 you would expect a ratio of 2:1. It is seen that this is nearly the case for 
Sample 2, once again suggesting that the surface is primarily composed of TiO2. Alternatively 
for Sample 1 the oxygen ratio is 4.78 meaning the oxygen must also be bonded with other 
species, most likely carbon. 
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Table 5: Elemental analysis showing the atomic ratios relative to titanium. 
 
 
Lastly, the PAXPS measurements were analysed for a flat gold film with TiO2 deposited on 
top using the same ALD conditions as for the samples. In these measurements, the angles 
quoted are relative to the surface normal. Smaller angles are able to probe deeper into the 
material and therefore contain more information on the bulk elements, whereas for higher 
grazing angles, the bulk contributes less. These angle resolved measurements are shown in 
Figure 7.7 for both the Ti2p and Au4f peaks. These spectra have been normalised based upon 
their atomic percent concentration and offset from each other so as to identify trends in the 
peaks. It may be seen that the Ti2p peaks do not vary greatly as the angle is altered as would 
be expected for a material on the surface. In contrast, the Au4f peak is seen to drastically 
decrease in intensity at higher angles. As this is when the technique is most surface sensitive, 
this therefore signifies that the gold is below the titanium and forms the bulk material. 
Considering this, it is therefore assumed that the gold was successfully coated in a TiO2 layer. 
As the XPS technique probes only the top 10 nm or less of the surface, it is therefore believed 
this TiO2 layer is approximately slightly less than 10 nm, therefore supporting the results from 
SEM imaging.  
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Figure 7.7: PAXPS spectra for the Ti2p and Au4f peaks at varying collection angles relative 
to the surface normal. The spectra have been normalised based upon their atomic percent 
concentration and offset from each other in the y-direction.  
7.3 Photocatalytic Abilities of Nanorod Arrays 
Following the successful characterisation of the TiO2 layer, the photocatalytic properties of 
the nanorod arrays will now be discussed. This will begin with a description of the 
methodology used in the methylene blue degradation experiments, before then outlining the 
results with discussion.  
7.3.1 Methylene Blue Degradation Methodology 
The photocatalytic activity of the TiO2 coated gold nanorod arrays was tested using methylene 
blue as the organic dye due to its widespread use in other photocatalytic experiments (295-298), 
its nature as a model dye (299), and lastly due its large use in the textiles industry whereby 
around 10% is released as a pollutant (300). High purity methylene blue obtained from Alfa 
Aesar was diluted with ultra-pure water to form a solution with concentration of 0.01 mg/ml. 
The solution was placed in a Quartz cuvette (supplied by Hellma Analytics) with light path 
of 2mm and volume of 700 μl. This small volume was required due to the size of the samples 
being relatively small at approximately 0.5 cm2. The samples were subsequently placed within 
266 
 
the solution and left for 60 minutes in the dark so as to reach an adsorption-desorption 
equilibrium.  
 
A 200 W Oriel Instruments 66002 Hg-Xe arc lamp with a 420 nm cut-off filter to remove 
UV-radiation was used to illuminate the samples. A control experiment was also performed 
using solely a methylene blue solution at the same concentration without the presence of any 
sample. The dye degradation was monitored by periodically removing the cuvette and 
performing UV-Vis measurements between the wavelengths of 300 – 800 nm. The absorption 
at 663 nm, therefore relating to the methylene blue peak absorption, was recorded and 
subsequently used to determine the percent degradation according to: 
 
Percent Degradation = 100 ∗ (
A0 − At
A0
) (94) 
 
Where A0 is the absorbance of the initial solution at 663 nm, and At is the absorbance of the 
solution at the interval time and again at 663 nm. The light intensity reaching the sample was 
measured using a photometer and initially adjusted to an intensity of 100 mW/cm2. 
Unfortunately, it was found that this power caused rapid photobleaching of the methylene 
blue solution in the control sample, likely due to the small volumes used. Instead, to obtain a 
control whereby degradation of the dye was minimal, this intensity was reduced to 5 mW/cm2. 
Despite this reduction in intensity, a small amount of photobleaching was still observed, 
however, this occurred at much reduced rates. 
7.3.2 Methylene Blue Degradation Results 
The results of the methylene blue degradation are shown in Figure 7.8 for both Sample 1 and 
Sample 2. The data is presented in relation to the percent degradation of methylene blue 
compared to its initial starting concentration following the adsorption-desorption phase. It 
may be seen that in contrast to what is expected, the presence of the samples showed a 
negligible increase in the degradation of methylene blue compared to the control, over a time 
period of 1 to 1.5 hours. There is perhaps a suggestion that there is a small enhancement 
within the first 30 minutes, however following this period, the rate of degradation appears 
unaltered from the control.  
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Figure 7.8: Methylene blue dye degradation percentage for Sample 1, Sample 2 and a control 
with no sample. A linear fit is added to the control sample so as to clearly see the typical self-
degradation rate.  
 
This result is unexpected as it was predicted that the visible light would excite plasmonic 
modes of the nanoparticles, which in turn would lead to the generation of hot carriers that are 
capable of transferring to the TiO2 and degrading the dye by means of producing highly 
reactive radicals such as ·OH and O2·ˉ (296). Unfortunately, as no appreciable degradation was 
seen, one or more of these processes must be unable to occur. 
 
An explanation can be found by noting the difference of this experiment compared to that of 
Lu et. al. (290) whereby dye degradation was noted for similar gold nanorod TiO2 arrays. These 
differences are that Lu et. al. did not attempt to utilise the plasmonic hot electron mechanism 
of the structure to enhance photocatalysis, but instead used UV light to generate electron-hole 
pairs directly in the TiO2. It is therefore assumed that the lack of photocatalytic activity seen 
in my results arises from either an absence of hot carriers being produced, or an inability for 
these carriers to transfer to the reaction sites. It is believed the latter is the more likely 
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explanation due to the findings by Wu et. al. (301). In this work the seeded growth method was 
used to produce gold nanorods which were subsequently coated in TiO2 with an anisotropic 
distribution. This coating was such that only the ends of the nanorods were coated in TiO2 
whereas the sides were left exposed (Figure 7.9c). When performing visible light hydrogen 
production via water splitting (Figure 7.9a), or alternatively methylene blue degradation 
(Figure 7.9b), it was found the nanorods completely coated in TiO2 showed little to no 
activity. This was attributed to the hot carriers being unable to both perform oxidation and 
reduction reactions. For example, it was proposed that hot carriers were produced due to the 
plasmonic nature of the nanorods with the hot electrons transferring across the Schottky 
barrier to the TiO2 and undertaking reduction reactions. Alternatively the hot holes produced 
would remain in the gold nanorod, which without access to the solution would be unable to 
perform any oxidation reactions (Figure 7.9d). This results in the gold nanorod becoming 
positively charged which in turn would impede further loss of electrons and limit the rate of 
the reaction to that at which electrons could be resupplied to the particle (271). Alternatively, 
for nanorods that were not fully coated and instead had a portion of the gold nanorod exposed, 
excellent visible light photocatalytic ability was noted (301).  
 
 
Figure 7.9: Wu et. al. (301) experimental results for a) H2 production via water splitting and b) 
methylene blue dye degradation. AuNR@TiO2 refers to a completely covered core shell 
particle (see d), AuNR/TiO2 is for coverage of TiO2 only the ends (see c), and AuNR and TiO2 
refers to a physical mixture of nanorods and amorphous TiO2. c) Schematic illustration of 
photocatalysis for anisotropic TiO2 coverage compared to d) lack of photocatalysis for 
completely coated nanorods. 
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This explanation may also give insight into why a possible enhancement was seen in my 
experiments when the samples were first illuminated.  For instance, the hot electrons may 
have successfully been produced and transferred to the TiO2 to perform reduction reactions 
whilst the gold nanorod was neutral, thereby giving a small enhancement in degradation rate 
compared to the control. As electrons were lost however and not replaced by the opposing 
oxidation reactions, the gold nanorods would have become positively charged. This would 
have hindered their ability to transfer hot electrons to the TiO2 and therefore limited the 
reaction rate to that equal to the photobleaching of the dye. 
7.4 Summary 
To summarise, in this chapter, the various plasmonic photocatalysis mechanisms have been 
discussed with the hot electron method being deemed the most suitable for application with 
the gold nanorod arrays. This mechanism was chosen as it is able to utilise visible light 
without the need for an overlap between the absorption of the semiconductor and the 
plasmonic resonance. Furthermore, TiO2 has been successfully coated on the nanorod arrays 
using ALD, with characterisation achieved using electron microscopy and XPS. It was found 
that the TiO2 was between 7-10 nm in thickness and covered the entire surface of the 
nanorods. Visible light photocatalytic experiments involving the degradation of methylene 
blue were performed, however, negligible increase in activity compared to the control was 
found. This is believed to be due to a lack of available sites by which oxidation reactions 
could occur, therefore impeding the ability of the nanorod to replenish lost electrons, and 
limiting the rate of the photocatalysis. 
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CONCLUSIONS AND FUTURE WORK 
As each results chapter within this thesis contained a detailed summary of the conclusions 
found within that specific chapter, these will not be repeated in full again here. Instead, this 
section will begin with a brief summary of the novel contributions this work has made, before 
subsequently highlighting the main conclusions in relation to the original thesis objectives, as 
outlined in section 1.4.2. This will then conclude with recommendations for future work. 
7.5 Novelty of Results  
This thesis has demonstrated a number of novel results. For example, in the characterisation 
of nanorod arrays by optical spectroscopy, previous work (132, 134, 194) has expressed 
transmission data in terms of optical extinction due to an inability to distinguish the scattering 
of the array from that of the absorption. In this work however, the use of an integrating sphere 
allowed the scattered radiation to be detected, thereby permitting the sole quantification of 
the absorption. It was found that for a nanorod array of AR=18, the scattering from the array 
dominated over that of the absorption, therefore signifying that the extinction cannot be 
assumed to approximate that of the absorption. Additionally, further novel results were also 
reported based upon the finite element modelling work shown in chapter 5. It was shown that 
when a gold nanorod array was supported on a gold substrate, coupling occurred between 
both adjacent nanorods, and in-between the nanorods and the substrate. This resulted in a 
competing process whereby the particle-particle coupling aimed to blue shift the longitudinal 
mode, whereas the particle-substrate coupling aimed to red-shift it. This coupling scenario led 
to a redistribution of the electric fields whereby they localised towards the base of the 
supported nanorods and appeared to propagate along the array, therefore potentially being 
useful in wave guiding applications (133). 
 
Furthermore, in regards to analysis of nanoparticle arrays via EELS, to date attention has 
primarily been restricted to that of nanoparticle dimers (237, 239, 302-305). Although many of these 
studies have focused on the coupling between nanorods, this has been exclusively addressed 
to end-to-end orientations of nanorods laid horizontally on a substrate. On the other hand, the 
study of side-by-side orientated nanorod dimers by EELS has largely been neglected. In 
addition to this, only a few studies have attempted to characterise the effect of increasing the 
number of interacting particles. This was typically only extended to a trimer of nanoparticles 
(306-308), although the work of Barrow et. al. (237, 309) proved the exception by analysing gold 
nanoparticles up to chain lengths of five. Similarly, previous studies have also largely omitted 
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the interaction of the nanoparticle with the substrate. As shown by the modelling results in 
this work, this can prove very important the case for nanorods stood vertically on a substrate 
of the same material.  
 
The work shown within chapter 6 of this thesis addresses each of these omissions in previous 
work by analysing a side-by-side orientated nanorod array stood vertically on a gold substrate 
and consisting of multiple interacting nanorods. It was found that not only does the substrate 
lead to a drastic red-shift of the longitudinal mode resonant wavelength, but also as multiple 
rods interact within an array, additional modes are generated relating to hybridised states of 
bright and dark modes. It is hoped these novel results reported within this thesis will not only 
fill gaps within the knowledge, but also stimulate further experiments.  
7.6 Fulfilment of Research Objectives 
The degree of completion of the original research objectives outlined in section 1.4.2 is now 
addressed.  
 
1. To fabricate porous membranes with accurate control over the size, separation 
and arrangement of the pores for use as templates in the growth of plasmonic 
nanostructures.  
The methodology and results in chapter 3 and 4 respectively show that AAO templates were 
successfully produced to a high standard. It was demonstrated that control over the geometry 
was possible by varying factors such as the electrolyte, its concentration, and the duration of 
the pore-widening stage. This resulted in control of the pore diameters with a range of between 
ca. 20 nm and 370 nm possible, and only a small degree of variance between pores. Similarly, 
the interpore spacing and resulting wall thickness could further be controlled by once again 
varying the above factors according to the empirical equations listed in chapter 3. Finally, by 
performing the anodisation on bulk aluminium using a two-step method, the pores were found 
to be hexagonally arranged with a large degree of order.  
 
2. To fabricate regular arrays of plasmonic nanorods using the above mentioned 
templates, with control over their diameter, aspect ratio, spacing, arrangement 
and the area over which they are grown. 
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It was found that by analysing the SEM images in chapter 4, electrodeposition within the 
AAO templates led to nanorod arrays being produced with their diameter, spacing, and 
arrangement governed by the template. Additionally, the aspect ratio of the nanorods was 
further determined by the duration of electrodeposition, with relatively homogeneous arrays 
produced with AR’s ranging from short nanorods (AR~1) up to much longer nanorods 
(AR>10). These arrays were electrodeposited over large areas of typically several mm2, and 
in general demonstrated growth in the majority of pores even for the very short AR nanorods.  
 
3. To characterise the absorption and scattering properties of the nanorod arrays 
by UV-Vis spectroscopy, and tune the absorption to the visible region of the 
spectrum. 
By means of performing UV-Vis spectroscopy using an integrating sphere, the absorption, 
scattering and extinction of the nanorod arrays were determined, as shown in the results of 
chapter 4. It was found that the coupling within the array led to a large blue-shift of the 
longitudinal modes resonance wavelength, and highlighted that absorption in the visible 
region could be achieved by controlling the geometrical factors of the array. This was 
supported by means of the finite element modelling work in chapter 5, whereby the 
longitudinal mode was shifted throughout the visible spectrum by varying either the AR or 
the spacing.  
 
4. To characterise the near-field electric field enhancements and coupling effects 
in nanorod arrays by the use of electron energy loss spectroscopy.   
The results in chapter 6 analysed a section of a nanorod array using electron energy loss 
spectroscopy. Both the electric field distributions and the coupling within the array were 
characterised. This included cases of both nanorod dimers and more complex longer nanorod 
arrays, highlighting that both dark and bright modes occurred within the array due to coupling 
between the nanorods.  
 
5. To perform thorough simulations on the properties of plasmonic nanospheres 
and nanorods so as gain a deeper understanding of the fundamental mechanisms 
of operation and to guide the experimental work.  
The results of chapter 5 began by demonstrating the plasmonic properties of nanospheres and 
compared them to Mie theory so as to validate the model. It was found that the modelling 
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matched the theory exceptionally well and therefore validated the model allowing more 
complex geometries to be studied. This was performed in increasingly complexity going from 
isolated nanorods, to supported nanorods, before concluding with arrays of both supported 
and unsupported nanorods. The modelling not only allowed understanding of the fundamental 
mechanisms within nanorod arrays but also helped analyse the experimental results. For 
example, the modelling in chapter 5 using plane-waves as an excitation source with the optical 
cross sections calculated. This therefore allowed comparison to the optical spectroscopy 
results from chapter 4. Similarly, the modelling in chapter 6 used an electron beam as the 
excitation source and calculated the energy loss probability, thereby allowing comparison to 
the EELS experimental results. 
 
6. To coat the nanorod array in a homogeneous thin layer of titanium dioxide. 
The nanorod arrays were coated in a thin layer of TiO2 by means of ALD as outlined in the 
methodology of chapter 3 and confirmed by SEM and XPS in chapter 7. This was found to 
be relatively homogeneous, giving a thin layer of approximately 7-10 nm in thickness with 
complete coverage over the surface of the nanorods. 
 
7. To perform photocatalytic dye degradation experiments using the TiO2 coated 
nanorod arrays and show activation in the visible region of the spectrum due to 
the plasmonic particles is achievable. 
The TiO2 coated nanorod arrays were applied to the degradation of a methylene blue solution 
using visible light. This attempted to utilise the production of hot electrons from the plasmonic 
nanorods to degrade the dye. Unfortunately, no appreciable degradation was found, attributed 
to a lack of available sites on the nanorods for oxidation reactions to occur therefore impeding 
the nanorods from replenishing lost electrons, and limiting its photocatalytic ability.  
7.7 Recommendations for Future Work 
The work within this thesis has proved to be novel and subsequently led to a number of gaps 
in the knowledge of nanorod arrays being filled. Despite this, there are a number of areas that 
would be beneficial for future work, both in terms of increasing our understanding of the 
complex interactions in nanorod arrays, as well as the their use in photocatalytic applications. 
Firstly, although it has been shown in this work that the absorption properties of nanorod 
arrays may be directly ascertained by using an integrating sphere UV-Vis, a systematic 
analysis of this for a number of different arrays would be beneficial whereby the AR and 
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spacing was gradually altered. To achieve this, a thin film AAO technique may be more suited 
due to the relative ease at which UV-Vis data may be collected, even though the nanorods are 
generally more disordered.  
 
In addition, it would also prove useful to expand the EELS results shown in chapter 6. This 
is due to a degree of inhomogeneity found between the nanorods in the sample that makes 
analysis of the results challenging. Although this may highlight how nanorods of different 
size and spacing may interact in real systems, the EELS analysis is more useful in terms of a 
fundamental viewpoint due to the excitation by an electron beam unlikely not transferring 
over to the properties of the system when illuminated by light, as in for their application. 
Instead, a method such as nanolithography would give a more homogeneous array and 
therefore allow characterisation of a simplified system.  
 
Lastly, in regards to the use of the arrays in photocatalytic applications, the lack of activity 
observed due to the complete coverage of the nanorods with TiO2 should be addressed. This 
could be achieved by applying an inhomogeneous coating of TiO2 possibly by using 
atmospheric chemical vapour deposition instead of atomic layer deposition, or potentially 
masking off an area of the array. If this change in fabrication procedure results in 
photocatalytic activity being observed, this could then be further expanded to gain deeper 
insights into the plasmonic photocatalysis process. For example, three identical arrays could 
be produced with absorption tuned to occur at the same wavelength. One of the arrays could 
have a thin insulating layer grown on the nanorods, before a semiconductor with overlapping 
absorption wavelength is deposited. In this scenario, hot electrons would be prohibited from 
transferring to the semiconductor assuming a thick enough insulating layer, meaning any 
enhancement in photocatalytic activity would therefore only arise from the PIRET 
mechanism. Alternatively, in the second array a different semiconductor would be deposited 
directly on the nanorods whereby its absorption did not overlap with that of the nanorods. 
This would therefore mean only the hot electron mechanism would contribute to any 
enhancements seen. Finally, the third nanorod array would have a semiconductor with 
overlapping absorption directly despotised on the nanorods. In this scenario, both the PIRET 
and hot electron mechanisms would contribute. This would therefore allow comparison 
between the different photocatalytic mechanisms, and in my belief would prove both 
extremely useful in the area of plasmonic photocatalysis. 
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APPENDICES 
Appendix 1 
 
Figure A1: Modelled EELS intensity for a dimer of side-by-side aligned gold nanorods (30 nm 
x 90 nm) at varying spacing. The nanorods are modelled within AAO with refractive index 1.6 
and the electron beam aligned 5 nm above the left nanorod as demonstrated by the cross in 
the inset. Each curve has been offset in the y-direction. 
 
Appendix 2 
 
Figure A2: Modelling results for a side by side supported nanorod dimer (AR=3, 20 nm gap) 
with the E-beam located in different positions. 
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Appendix 3 
 
Figure A3: Modelled EELS intensity for a dimer of side-by-side aligned gold nanorods (30 nm 
x 90 nm) supported on a 150 nm thick gold substrate at varying spacing and compared to an 
isolated nanorod. The nanorods are modelled in AAO (n=1.6) with the electron beam 
positioned 5 nm above the left nanorod as demonstrated by the cross in the inset. Each curve 
has been offset in the y-direction to highlight the development of the modes. 
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Appendix 4 
 
Figure A4: Modelling of EELS spectra for a supported nanorod array with increasing number 
of interacting nanorods. The solid lines were modelled with the E-beam located above the 
centre most nanorod in the array, the dashed lines were for the E-beam located above the end 
nanorod, and the dotted line is with the E-beam above the 2nd from the end nanorod. The 
arrows help show the splitting and hybridisation of the modes with increasing number of 
nanorods, whereas the numbers aim to help identify the peaks.  
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Appendix 5 
 
Figure A5: SEM images of Sample 2 both before and after TiO2 deposition 
 
Appendix 6 
 
Figure A6: XPS survey of Sample 2 showing the presence of both titanium and oxygen. The 
inset shows the corresponding high resolution Ti2p Scan. 
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Appendix 7 
 
Figure A7: XPS survey undertaken before pre-cleaning of substrate revealing high levels of 
carbon contamination. 
 
